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RESEARCH

Lipoxins A4 and B4 inhibit glial cell 
activation via CXCR3 signaling in acute retinal 
neuroinflammation
Izhar Livne‑Bar1,2, Shubham Maurya4, Karsten Gronert4,5,6 and Jeremy M. Sivak1,2,3* 

Abstract 

Lipoxins are small lipids that are potent endogenous mediators of systemic inflammation resolution in a variety 
of diseases. We previously reported that Lipoxins A4 and B4 (LXA4 and LXB4) have protective activities against neu‑
rodegenerative injury. Yet, lipoxin activities and downstream signaling in neuroinflammatory processes are not well 
understood. Here, we utilized a model of posterior uveitis induced by lipopolysaccharide endotoxin (LPS), which 
results in rapid retinal neuroinflammation primarily characterized by activation of resident macroglia (astrocytes 
and Müller glia), and microglia. Using this model, we observed that each lipoxin reduces acute inner retinal inflamma‑
tion by affecting endogenous glial responses in a cascading sequence beginning with astrocytes and then micro‑
glia, depending on the timing of exposure; prophylactic or therapeutic. Subsequent analyses of retinal cytokines 
and chemokines revealed inhibition of both CXCL9 (MIG) and CXCL10 (IP10) by each lipoxin, compared to controls, 
following LPS injection. CXCL9 and CXCL10 are common ligands for the CXCR3 chemokine receptor, which is promi‑
nently expressed in inner retinal astrocytes and ganglion cells. We found that CXCR3 inhibition reduces LPS-induced 
neuroinflammation, while CXCR3 agonism alone induces astrocyte reactivity. Together, these data uncover a novel 
lipoxin–CXCR3 pathway to promote distinct anti-inflammatory and proresolution cascades in endogenous retinal glia.
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Introduction
Neuroinflammation is common to a wide variety of 
neurological and neurodegenerative diseases, with 
complex positive and negative effects on tissue dam-
age and repair mechanisms in the central nervous sys-
tem (CNS). For example, initial inflammatory responses 
have important roles in fighting infection, debris clear-
ance, and tissue remodeling. However, sustained or 
extended neuroinflammation can promote increasingly 
negative consequences, resulting in excessive remod-
eling and fibrosis, ultimately inducing neurotoxic and 
neurodegenerative outcomes [1–4]. Many innate neuro-
inflammatory responses in the CNS are managed by the 
interacting responses of resident astrocytes and micro-
glial cells, which become rapidly activated upon injury or 
infection to release cytokines and chemokines, regulate 
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neurotransmission and vascular reactivity, and perform 
phagocytic functions [1, 5–8]. Accumulating evidence 
suggests that these roles represent a complex network of 
activities, rather than simple binary positive and negative 
phenotypes. Therefore, it is essential to uncover mecha-
nisms that modulate specific components of neuroin-
flammatory signaling cascades.

The lipoxins, LXA4, and LXB4, are small endogenous 
proresolving lipid mediators (SPMs). They belong to a 
large family of polyunsaturated fatty acid-derived mol-
ecules that exhibit potent paracrine or autocrine effects 
to promote key cellular steps to clear tissue of infiltrat-
ing cells and resolve inflammation [9–12]. Lipoxins are 
derived enzymatically from arachidonic acid by sequen-
tial oxygenation [13, 14], and they display a range of 
established systemic proresolution activities. LXA4 binds 
with high affinity to formyl peptide receptor 2 (ALX/
FPR2), to mediate leukocyte recruitment, angiogenesis, 
and inhibit proinflammatory signaling [13, 15–17]. In 
comparison, the actions of LXB4 can be distinct from 
LXA4 to mediate potent effects on macrophages and 
monocytes, yet its signaling cascade remains poorly 
understood [18, 19].

In the CNS, increasing evidence indicates that lipoxin 
signaling plays a key role in innate neuroinflammatory 
cell activation and neurodegenerative diseases [20]. Dys-
regulation of lipoxin synthesis or altered substrate or pre-
cursor levels have been reported in both patients samples 
[21–24] and animal models [21, 25–27] of Alzheimer’s 
disease (AD). Likewise, dysregulation of this pathway 
has been observed in other neurodegenerative contexts, 
including multiple sclerosis (MS) [28], stroke [29, 30], 
and a variety of ocular diseases [31]. We recently dem-
onstrated that LXA4 is reduced in patient samples and 
attenuates T-cell activities and metabolism in a model of 
autoimmune uveitis [32]. Previously, we also reported on 
direct neuroprotective lipoxin actions using models of 
both retinal and cortical neurodegeneration, and dem-
onstrated that the relevant synthetic circuit and recep-
tor components are expressed in glial cells and neurons 
[33, 34]. In particular, LXB4 consistently exhibited more 
potent protective activities than LXA4 [34]. Thus, in the 
central nervous system (CNS), lipoxins have potential 
dual actions to both resolve inflammation and promote 
neuronal survival. However, the role of these lipoxin 
actions in neuroinflammation alone has not been clear, 
particularly their actions with resident glial cells.

Here we profiled the activities of LXA4 and LXB4 in a 
model of posterior uveitis; retinal inflammation induced 
by bacterial lipopolysaccharide (LPS). In characteriz-
ing this model we observed responses primarily affect-
ing retinal astrocytes and microglia, which were rapidly 
and prominently activated following LPS challenge. By 

treating with lipoxins either prior to- or following chal-
lenge, the effects of anti-inflammatory and/or proreso-
lution roles were investigated. In addition, cytokine and 
chemokine profiling was performed in combination with 
pharmacologic manipulations in order to identify key 
signaling related to the chemokine receptor, CXCR3.

Materials and methods
LPS‑induced uveitis model and drug treatments
All procedures and protocols conformed to the guidelines 
of the ARVO statement for the use of animals in ophthal-
mic and vision research, and were approved by the Uni-
versity Health Network Animal Care and Use Committee 
in accordance with relevant Canadian guidelines and reg-
ulations. Briefly, for LPS-induced inflammation, BALB/c 
mice received an intravitreal injection of 150 ng lipopoly-
saccharide (LPS) isolated from E. coli  (Sigma-Millipore) 
or vehicle, in accordance with previously reported meth-
ods [35, 36]. Intravitreal injections were performed as 
previously described [34, 37]. Briefly, under anesthesia, 
a needle (30  g) was inserted tangentially into the vitre-
ous cavity and replaced with a Hamilton syringe contain-
ing the injection volume. Injections were followed by a 
5-s pause before withdrawal. All intravitreal injections 
were delivered in a 2 μL volume, followed by applica-
tion of ophthalmic antibiotic ointment (BNP, Vetoqui-
nol). For drug experiments intravitreal injections were 
performed according to the same method at the indi-
cated times. LXA4, LXB4 or vehicle (3.5% ETOH) were 
injected intravitreally at 10 μM (8.8 μg/kg) as previously 
described [34]. Formulation and dosing of the CXCR3 
antagonist AMG487 (Tocris) was based on Ha et al. [38] 
at 20 mg/kg, i.p., starting 6 h prior to LPS challenge, and 
then twice daily following LPS. The CXCR3 agonist VUF 
11222 (Tocris) was delivered at 500 μM, by two intravit-
real injections 24 h apart. Retinas were harvested at 48 h 
after the 2nd injection.

Multiplex cytokine analyses
Eyes were injected intravitreally with vehicle, LXB4, or 
LXA4 (10 μM each), one hour prior to LPS challenge, as 
described above. After 24 h retinas were collected and 
homogenized in 1.5 ml microfuge tubes, snap frozen and 
stored at -80C. Retinal samples were then submitted to 
quantitative multiplex array analyses to measure concen-
trations of a panel of 32 key inflammatory chemokines 
and cytokines (Eve Technologies) as we have previously 
reported [39, 40].

Histology and immunofluorescent staining
Enucleated eyes were fixed in 4% paraformaldehyde for 
24 h. Following fixation, the eyes were equilibrated in 
30% sucrose, embedded in OCT and cryosectioned at 
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14 μM thickness. Sections were blocked with 5% don-
key serum and probed with primary antibodies to GFAP, 
Iba1, F4-80, Gr-1, CD3, CD4, CXCR3, CD68, RBPMS 
and Brn3a, according to our published procedures [37, 
39, 41, 42]. The source and details for each antibody are 
provided in Additional file 1: Table S1. Following primary 
antibody, sections were washed with PBS-Tween, and 
incubated with fluorescent-conjugated secondary anti-
bodies (Life-Sciences) and coverslipped with mounting 
fluorescent medium (DAKO) containing DAPI. A control 
without primary antibody was assessed on naïve sections 
in order to identify any unexpected background signals.

Imaging and analyses
Fluorescent images were acquired on a Nikon Eclipse 
confocal microscope using Nikon Elements software for 
image analysis and quantification. Analyses of inflam-
mation markers and RGCs was performed on 8 eyes per 
treatment. Central retinal sections 150 μM on both sides 
of the optic nerve were used for quantification. Microglia 
morphology was used to establish their activation status. 
Ramified, inner retina, microglia were defined as Iba1-
positive cells extending at least one process of 20 μM or 
longer. Amoeboid microglia had rounded soma but no 
processes. For morphological assessments stained reti-
nal images were examined at high resolution on a large 
display and density of amoeboid Iba1-positive cells was 
counted per 100 μM. For quantification of RGCs Brn3a-
positive cells in the central retina were counted and 
expressed as density per 100 μM along the GCL. Rela-
tive intensity was measured by outlining the ganglion cell 
layer (GCL) and neighboring nerve fiber layer (NFL) and 
calculating average intensity per μm for the channel in 
the Nikon Elements software. For each eye, at least 5 cen-
tral retinal sections were analyzed at the level of the ON 
as previously described [37].

Statistical analyses
For all experimental data, ‘n’ refers to the number of inde-
pendent biological replicates. Data were analyzed with 

either an unpaired t-test, or ANOVA with Tukey’s post 
hoc analyses, as appropriate, using Prism 9.5 software. A 
p value of less than 0.05 was considered significant.

Results
Intravitreal LPS induces rapid activation of inner retinal 
glia
Models of posterior uveitis by localized intravitreal LPS 
challenge have been described previously in the litera-
ture [35, 36]. However, as this model has not been fully 
characterized in mice, we performed a time course to 
profile the inflammatory response and pick optimal 
study parameters. On day zero 150 ng LPS was adminis-
tered via intravitreal injection. Eyes were then harvested 
and processed for sectioning on days 1, 2, 5 and 8. Par-
allel sections were stained with a panel of antibodies to 
resident and infiltrating neuroinflammatory markers, 
including GFAP, F4-80, Iba1, GR-1, CD4 and CD3 (Fig. 1, 
Additional file  1: Figs.  S1, S2). Prominently increased 
staining intensity was noted for GFAP in retinal astro-
cytes and Müller glia fibers by day 2 (Fig. 1A). Likewise, 
staining of infiltrating macrophages with F4-80 at the 
vitreo-retinal interface was apparent by day 2, along with 
resident microglia (Fig.  1B). Although overlapping with 
F4-80, we found that Iba-1 staining was a clearer marker 
for retinal microglial morphology and remained relatively 
consistent over the time course (Fig. 1C). Representative 
high magnification images for each marker are shown in 
Fig. 1E, F (and larger in Additional file 1: Fig. S1). How-
ever, generally figures present a lower magnification 
image that provides a better indication of the pattern 
across the retina. The appearance of activated amoe-
boid microglial cell morphology was apparent in the LPS 
group (Fig. 1F), and this morphological shift was evalu-
ated quantitatively in subsequent experiments. Corre-
sponding quantification of the retinal total Iba1-positive 
cell counts showed no significant difference between LPS 
and vehicle on day 2, suggesting there was no substantial 
infiltration or proliferation of Iba1 cells (Fig. 1G).

(See figure on next page.)
Fig. 1  Intravitreal LPS induces rapid activation of inner retinal glial cells. LPS was injected intravitreally and several markers of resident 
and infiltrating inflammatory cells were monitored over 8 days. A Increased Müller cell and astrocyte reactivity in the inner retina was detected 
with the marker GFAP in glial fibers (arrows) by day 2. B Staining with the macrophage marker F4-80 (green) indicated a marked increase 
of infiltrating cells at the vitreo-retinal interface (arrows) in the inner retina by day 2, as well as activated microglia (asterisks). C Iba1 staining 
for microglial density was generally consistent within the retina across sections (asterisks), but also highlighted the appearance of vitreo-retinal 
macrophages (arrows). D GR-1 positive neutrophils infiltrated into the vitreous by 24 h after LPS (d1) where they accumulated at the inner retinal 
surface (green; arrows). However, GR-1 positive cells were never substantially observed within the retina, and had largely disappeared by 2 days 
post LPS injection (d2–d8). E Representative higher magnification images of the markers used (scale bars represent 20 µm). F Representative retinal 
Iba-1 stained images of ramified or amoeboid microglial morphology in the LPS-treated group (scale bar represents 20 µm). G Quantification 
of total inner-retina Iba1-positive cells on day 2 shows no significant change in macrophage/microglia numbers in the LPS group compared 
to vehicle (bars represent SE). (GCL; ganglion cell layer, INL; inner nuclear layer, scale bars of A–D represent 100 µm)
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Fig. 1  (See legend on previous page.)
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In comparison, systemic immune cell markers had a 
low profile in the model. Staining for GR-1 indicated 
rapid initial recruitment of neutrophils into the vitreous 
that remained localized to the vitreo-retinal interface, did 
not penetrate into the retina, and largely disappeared by 
day 2 (Fig. 1D). Notably, we observed no staining of CD4-
positive or CD3-positive T cells at any timepoint (Addi-
tional file  1: Fig.  S2). The numbers of retinal ganglion 
cells (RGCs) were also assessed to see if there was any 
neurodegeneration following LPS challenge. No substan-
tial differences were noted at early time points. However, 
re-assessment at three weeks after challenge revealed 
an eventual small, but significant loss of BRN3a-pos-
itive RGCs after this extended period (Additional file 1: 
Fig.  S3). A qualitative summary of these time course 
observations is presented in Table  1. Based on these 
characterizations, we were intrigued to observe such a 
prominent glial cell response in the model. We chose to 
use 2–3  day time points in subsequent experiments to 
evaluate the impact of lipoxins and downstream signals 
on resident neuroinflammatory cell activation.

Pretreatment with LXA4 or LXB4 reduces astrocyte 
and Müller cell reactivity in the inner retina
The potential anti-inflammatory activities of LXA4 and 
LXB4 were first determined with a pretreatment model, 
in which 10 μM of either mediator was administered one 
hour prior to LPS challenge (Fig. 2A). Based on our ini-
tial LPS-response time course, after 48  h retinas were 
fixed and sectioned for staining with our chosen mark-
ers, followed by imaging and quantification. At this time 
point there was a prominent increase in GFAP staining, 
indicating increased astrocyte and Müller glial reactiv-
ity, as expected. However, pretreatment with either LXA4 
or LXB4 had a strong inhibitory effect on this staining 
(Fig. 2B). Interestingly, quantification showed the activity 
of LXA4 was stronger than LXB4 in this regard (Fig. 2E). 
In comparison, although amoeboid Iba1-positive micro-
glia were present, there was a trend towards inhibition 
of this activation that did not reach significance (Fig. 2C, 

F). Finally, there was no apparent effect on infiltrating 
macrophages at the vitreo-retinal interface (Fig.  2D, G). 
As a control, we assessed each lipoxin alone with these 
neuroinflammation markers, and neither had any effect 
(Additional file 1: Fig. S4). Therefore, the most prominent 
outcome of lipoxin administration in this pretreatment 
model was to inhibit astrocyte and Müller cell reactivity.

Therapeutic treatment with LXA4 or LXB4 reduces 
microglial activation in the inner retina
By adjusting the timing of administration, we were also 
able to test the activity of LXA4 and LXB4 on inflamma-
tion resolution in a therapeutic dosing paradigm. In this 
case, either lipoxin was administered at 24  h after LPS 
challenge, followed by assessment of the same markers 
as previously 48  h later (i.e., 72  h from LPS challenge, 
Fig.  3A). Surprisingly, in this context, the results were 
distinctly different from the pretreatment experiment. 
Namely, there was no effect of either lipoxin on retinal 
astrocyte or Müller cell reactivity (Fig. 3D, E). However, 
there was instead a strong effect of LXB4 treatment on 
microglial activation, with a similar mild trend induced 
by LXA4 treatment that did not reach significance 
(Fig.  3B, C). Consistent with the pretreatment model, 
there was no effect on infiltrating macrophages at the 
vitreo-retinal interface (Fig. 3F, G). Thus, LXB4-mediated 
inhibition of microglial activation was most prominent 
when administered following LPS challenge.

LPS‑induced CXCL9/CXCL10 are inhibited by LXA4 
and LXB4 treatment and may interact with the CXCR3 
receptor in the inner retina
In order to investigate potential mechanisms underly-
ing lipoxin activities in this model we profiled the lev-
els of 32 retinal cytokines and chemokines induced by 
LPS challenge in a multiplex array assay. Retinal lysates 
were assessed at 24 h following LPS challenge in combi-
nation with either LXA4, LXB4 or vehicle pretreatment. 
The control reference group consisted of retinas injected 
with PBS only. Following analyses for the strongest and 
most consistent inhibitory effect, the chemokines CXCL9 
(MIG) and CXCL10 (IP-10) stood out prominently as the 
top two hits (Fig.  4A). Concentrations of each cytokine 
were strongly and significantly induced by LPS challenge. 
For CXCL9, the LPS induction was significantly reduced 
by either LXA4 or LXB4 treatment (Fig. 4B). In compari-
son, CXCL10 levels were significantly inhibited by LXA4 
treatment, while LXB4 treatment showed a similar trend 
that did not reach significance (p = 0.06) (Fig. 4B).

Interestingly, both CXCL9 and CXCL10 are common 
ligands for the CXCR3 chemokine receptor. We there-
fore probed for CXCR3 localization in control retinas 
using confocal microscopy. Under control conditions 

Table 1  Time course of LPS-induced retinal inflammation cell 
markers

nd not detected

Marker Control Day 1 Day 2 Day 5 Day 8

Müller glia nd +  + + +  + +  +  + 

Amoeboid microglia nd +  + + +  + +  + 

Macrophages nd +  + +  + +   +  + 

Neutrophils nd + +  +  nd nd

CD4 + T cells nd nd nd nd nd

CD3 + T cells nd nd nd nd nd
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a CXCR3 signal appeared membrane localized, but 
broadly distributed throughout the inner retina. How-
ever, at 48  h following LPS challenge the CXCR3 sig-
nal was increased in the ganglion cell layer (Fig.  4C). 
We tested whether this inner retinal signal overlapped 

with a marker for nerve fiber layer astrocytes (GFAP) 
or RGCs (RBPMS), and found partial colocalization 
for each (Fig.  4D), which might be expected based on 
the cytoplasmic localization of each cell-type marker, 
respectively.

Fig. 2  Pretreatment with LXA4 or LXB4 reduces astrocyte and Müller cell reactivity in the inner retina. A Schematic of intravitreal pretreatment 
and subsequent LPS retinal inflammation assessment at 48 h. B Representative images showing pretreatment with LXA4 or LXB4 strongly reduced 
GFAP-positive Müller glia fibers in the inner retina (GFAP, arrows). C Pretreatment with LXA4 or LXB4 did not appear to reduce LPS-induced activated 
microglia (amoeboid Iba1; green, arrows) compared to vehicle control (Veh). D Treatment with LXA4 or LXB4 did not appear to alter the levels 
of infiltrating macrophages (F4-80: green) at the vitreo-retinal interface (arrows). E Corresponding quantification of activated Müller glia in the inner 
retina expressed as the number of GFAP + processes. LXA4 and LXB4 pretreatment significantly reduced LPS-activated Müller glia compared 
with vehicle (Veh, *p < 0.05, **p < 0.01). F Quantification of activated (amoeboid) microglia from the inner retina showed no significant reduction 
with LXA4 or LXB4 pretreatment compared to vehicle (Veh). G Infiltrating macrophages were quantified at the vitreo-retinal interface, showing 
no significant effect of LXA4 and LXB4 treatment. (GCL; ganglion cell layer, IPL; inner plexiform layer, INL; inner nuclear layer, scale bars represent 
100 µm, graph bars represent SE)
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CXCR3 signaling modulates inner retinal 
neuroinflammation
To confirm that CXCR3 is a necessary component of the 
LPS injury cascade, we repeated the challenge model 

while inhibiting its activity. LPS-challenged mice were 
treated with 20  mg/kg, I.P., of the selective CXCR3 
antagonist AMG487 (IC50 = 8.2  nM), [43, 44] or vehi-
cle. Administration of AMG487 significantly reduced 

Fig. 3  Therapeutic treatment with LXB4 reduces microglial activation in the inner retina. A Schematic of the LPS-induced retinal inflammation 
model, subsequent intravitreal treatments and evaluation at 72 h (48 h after lipoxin treatments). B Representative images of therapeutic treatment 
with LXA4 or LXB4 suggesting little effect on Müller glia activation highlighted by GFAP staining of retinal fibers (arrows). C Activated microglia 
(amoeboid Iba1; green, arrows) in the inner retina were reduced by post-inflammation treatment with LXA4 or LXB4. D Therapeutic treatment 
with LXA4 or LXB4 did not substantially reduce the levels of infiltrating macrophages (F4-80; green) accumulating at the vitreal–retinal interface 
(arrows). E Corresponding quantification of activated Müller glia confirmed that LXA4 and LXB4 post-inflammation treatment had no significant 
effect compared to Vehicle (Veh). F Quantification of activated amoeboid microglia in the inner retina showed that post-inflammation LXB4 
treatment significantly reduced activated microglia compared to control (**p < 0.01 G) Quantification of F4-80 staining confirmed no significant 
effect of LXA4 or LXB4 treatment post-inflammation. (GCL; ganglion cell layer, IPL; inner plexiform layer, INL; inner nuclear layer, scale bars represent 
100 µm, graph bars represent SE)
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LPS-induced GFAP in Müller glia (Fig. 5A), and strongly 
inhibited the appearance of amoeboid microglia (Fig. 5B). 
AMG487 also reduced vitreal macrophages, although 
this change did not reach statistical significance (Fig. 5C). 
As a secondary validation of this strong microglial effect, 
we also stained for the marker CD68 and quantified 

amoeboid cells, with similar significant inhibitory effects 
of AMG487 (Fig.  5D, Additional file  1: Fig.  S1). As a 
control, AMG487 alone had no effect on neuroinflam-
mation markers (Additional file  1: Fig.  S4). In contrast, 
intravitreal treatment with 500 μM, of the CXCR3 ago-
nist, WUF11222 (EC50 = 6.1 μM) [45], strongly induced 

Fig. 4  CXCL9/CXCL10 induction is inhibited by LXA4 and LXB4 treatment and may interact with the CXCR3 receptor in the inner retina. A Heatmap 
of mean multiplex array results for 32 cytokines showing log2 fold inhibition of LPS-induced levels by LXA4 or LXB4. CXCL9 and CXCL10 were the top 
hits inhibited by each lipoxin (NC; not calculated due to levels being out of range). B Concentrations of CXCL9 and CXCL10 were significantly 
increased in retinal extracts at 24 h following LPS challenge compared to vehicle. However, eyes pre-treated with LXA4 or LXB4 showed significantly 
reduced induction of CXCL9 or CXCL10 levels compared to vehicle (*p < 0.05, **p < 0.01, ***p < 0.005). C The shared CXCL9/CXCL10 receptor, CXCR3 
(green) is localized to the inner retina (arrows), and appeared induced at two days following LPS challenge. D CXCR3 staining partially co-localizes 
with the RGC marker Brn3a (red, arrows), and E CXCR3 (green) also partially co-localizes with GFAP (red, arrows). (Scale bars represent 100 µm, graph 
bars represent SE)
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Fig. 5  CXCR3 signaling modulates resident retinal inflammation. A Representative images indicating treatment with the CXCR3 antagonist 
AMG487 reduced Müller fiber staining at 48 h following LPS-challenge (green; arrows). Corresponding quantification showed significantly 
reduced Müller glia activation (*p < 0.05). B Treatment with AMG487 reduced amoeboid microglia activation (Iba1; green, arrows). Corresponding 
quantification of amoeboid microglia showed that AMG487 treatment strongly reduced microglia activation compared to vehicle (***p < 0.0005). C 
AMG487 treatment reduced LPS-induced macrophage infiltration (F4-80; green, arrows), but corresponding quantification showed a trend that did 
not reach significance. D To confirm the microglial results staining was also performed for CD68, which showed a similarly significantly reduced 
presence of amoeboid cells following AMG487 treatment. E In contrast, treatment with the CXCR3 agonist VUF11222 strongly induced astrocyte 
and Müller glia reactivity (GFAP, arrows). Corresponding quantification showed a significant increase in relative GFAP intensity in the inner retina 
in the agonist treated group compared to vehicle. F VUF11222 treatment had no effect on microglial activation. G A cartoon outlining a proposed 
signaling pathway by which lipoxins inhibit neuroinflammatory responses. (GCL; ganglion cell layer, IPL; inner plexiform layer, INL; inner nuclear 
layer, bars represent 100 µm, graph bars represent SE)
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astrocyte and Müller glia GFAP staining (Fig.  5E), but 
had no effect on amoeboid microglia (Fig. 5F). Therefore, 
CXCR3 activity is both necessary and sufficient to modu-
late innate retinal neuroinflammatory responses.

Discussion
CXCR3 is a G protein-coupled CXC-motif chemokine 
receptor mediating a variety of inflammatory effects, 
including chemotaxis, cell survival, and cell division [46, 
47]. In turn, CXCR3 activity is induced by binding of the 
related chemokines CXCL9 and CXCL10, with CXCL11 
also binding to a different extracellular site [47–49]. His-
torically, this signaling has been prominently implicated 
in T cell recruitment, though we were unable to detect 
any vitreo-retinal T cell staining in this LPS-uveitis 
model, at any timepoint. However, CXCL9/10-CXCR3 
signaling has also been strongly implicated in the local 
tissue regulation of microglial recruitment, activation 
and astrocyte reactivity and neurotoxicity [50–53]. These 
observations are consistent with our findings, which 
implicate retinal CXCL9/10-CXCR3 signaling in cas-
caded activation of resident retinal glia in response to 
LPS stimulus (Fig.  5F). Accordingly, local tissue activa-
tion of this pathway has been reported in pathogenesis 
of a variety of neuroinflammatory diseases, including 
Alzheimer’s disease, multiple sclerosis and encephalitis 
[54–59]. In the retina, CXCL10-CXCR3 expression and 
function were reported to be required for microglia/
monocyte recruitment to the inner retina and to drive 
neuronal death in pressure-induced ischemia–reperfu-
sion injury [60]. Therefore, the inhibition of CXCL9/10-
CXCR3 signaling in resident astrocytes and microglia by 
lipoxins presents a novel mechanism for targeting this 
pathway to potentially treat a broad range of neuroin-
flammatory diseases.

Interestingly, there was a marked difference in lipoxin 
activities depending on whether they were adminis-
tered prior to- or following inflammation induction. 
This observation may reflect time-dependent proreso-
lution lipoxin effects on LPS challenge. Notably, lipoxin 
pretreatment primarily affected astrocytes and Müller 
cells, while post-treatment primarily affected micro-
glia. One possible explanation is suggested by the 
well-described actions of lipoxins on recruitment of 
neutrophils and macrophages, as well as vascular and 
tissue permeability [10, 11, 20]. It may be that the dif-
ference in timing is influenced by the early and tran-
sient presence of these cells impacting the resulting 
cytokine milieu with respect to pre- or post-treatment. 
However, as noted we did not detect a robust presence 
of retinal-infiltrating cells at any time point. Alterna-
tively, it may also be that the resulting tissue signaling 
is impacted by a suggested cascade of rapid astrocyte 

reactivity, followed by microglial responses. This inter-
pretation is supported by the strong impact of each 
lipoxin on pretreatment astrocyte reactivity, and sug-
gests some lipoxin actions occur independent of injury 
or stress, such as LPS challenge. In addition, the pres-
ence of CXCR3 in retinal astrocytes, and the induc-
tion of glial reactivity markers by CXCR3 activation is 
consistent with this idea. Future work will be required 
to more clearly characterize these cellular responses in 
detail in different neuroinflammatory contexts.

Previous studies have demonstrated that intravitreal 
administration of LXA4 or analogs can reduce inflam-
mation scores and cell infiltrates when administered 
simultaneously with LPS challenge in a rat model of 
anterior endotoxin-induced uveitis (EIU), not gener-
ally regarded as a neuroinflammation model [61]. Simi-
larly, intravitreal administration of the DHA-derived 
analog of LXA4, resolvin D1 (RvD1), is efficacious when 
treated one-hour after challenge [62–64]. Recently, we 
demonstrated that LXA4 attenuates T cell-dependent 
pathology in a model of autoimmune posterior uveitis 
[32]. However, to date, the roles of lipoxin signaling on 
neuroinflammatory retinal glia responses have not been 
well studied. Here, we have profiled the effect of each 
natural lipoxin on an LPS-induced model of retinal 
inflammation. Interestingly, our initial characterization 
suggested this model is prominently driven by endog-
enous glial reactivity, with little evidence of substantial 
or sustained infiltration of monocytes, granulocytes, 
or T cells. Our data demonstrated similar inhibitory 
activities in this model for both LXA4 and LXB4 on 
markers of astrocyte and Müller glia reactivity, micro-
glial activation, and to a limited extent on macrophage 
infiltration.

Uveitis is broadly defined as intraocular inflammation 
of the eye’s uveal vascular tract, and is a major cause of 
vision loss and blindness, worldwide [65, 66]. The inflam-
matory response can be initiated by either infectious or 
non-infectious agents, and is broadly categorized as ante-
rior, intermediate, posterior, or panuveitis. Of these, pos-
terior uveitis is the rarest and poorly understood, but has 
the worst outcomes; often challenging to treat due to the 
accessibility and vulnerability of inflamed retinal tissue. 
Corticosteroids and other immunosuppressive thera-
pies can be effective, but early treatment remains critical 
and can be associated with adverse side effects [67, 68]. 
In comparison, the roles of lipoxins in posterior uveitis, 
and their use as potential treatments for retinal inflam-
mation have been relatively poorly studied to date. The 
efficacy we observed for lipoxin–CXCR3 signaling in a 
therapeutic setting suggests a novel targeted strategy that 
may have further benefits for a broad range of diseases 
associated with retinal inflammation.
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Additional file 1: Table S1. Antibodies Used. Figure S1. High magnifica‑
tion images of cell marker staining. A) Representative retinal staining at 1 
day following intravitreal LPS challenge, shown at higher magnification to 
better demonstrate cell morphology of GFAP, F4-80, and GR-1. B) Repre‑
sentative retinal staining for ramified or amoeboid microglial morphology 
following staining for Iba1 or CD68. (scale bars represent 20 μm). Figure 
S2. LPS challenge did not induce an apparent T-cell response. Representa‑
tive negative staining for CD4- and CD3-positive T cells in retinal sections 
at three days following intravitreal LPS treatment showed no signal in the 
retina. A parallel stained section from a retina three days after exposure 
to the potent oxidative stressor paraquat (PQ) is presented as a positive 
control (arrows, scale bars represent 100 μm). Figure S3. LPS treatment 
results in significant RGC loss after three weeks. A) Brn3a staining in retinas 
over a time course showed no clear reduction in RGC density compared 
to control until a 21 day time point (d21) after LPS injection (scale bars 
represent 100 μm). B) Corresponding quantification after 21 days reveals 
a small, but significant loss of RGCs at three weeks following LPS-induced 
retinal inflammation (*p <0.05, bars represent SE, GCL; ganglion cell layer). 
Figure S4. LXA4, LXB4 or Amg487 treatment alone do not induce retinal 
inflammation markers. Retinal staining for A)GFAP, B) Iba1, or C) F4-80, do 
not show any difference at two days following treatment, compared to 
vehicle alone (scale bars represent 100 μm).
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