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PURPOSE. Retinal degeneration (RD) is a large cluster of retinopathies that is character-
ized by the progressive photoreceptor death and visual impairments. CX3CL1/CX3CR1
signaling has been documented to mediate the microglia activation and gliosis reaction
during neurodegeneration. We intend to verify whether the CX3CL1/CX3CR1 signaling
is involved in the RD pathology.

METHODS. A pharmacologically induced RD mice model was established. AZD8797, a
CX3CR1 antagonist, was injected into the vitreous cavity of an RD model to modulate
the neuroglia activation. Then, the experimental animals were subjected to functional,
morphological, and behavioral analysis.

RESULTS. The CX3CL1/CX3CR1 signaling mediated neuroglia activation was implicated in
the photoreceptor demise of an RD model. Intravitreal injection of AZD8797 preserved
the retinal structure and enhanced the photoreceptor survival through inhibiting the
CX3CL1/CX3CR1 expressions. Fundus photography showed that the distribution of reti-
nal vessel was clear, and the severity of lesions was alleviated by AZD8797. In particular,
these morphological benefits could be translated into remarkable functional improve-
ments, as evidenced by the behavioral test and electroretinogram (mf-ERG) examination.
A mechanism study showed that AZD8797 mitigated the microglia activation and migra-
tion in the degenerative retinas. The Müller cell hyper-reaction and secondary gliosis
response were also suppressed by AZD8797.

CONCLUSIONS. The neuroinflammation is implicated in the photoreceptor loss of RD
pathology. Targeting the CX3CL1/CX3CR1 signaling may serve as an effective therapeutic
strategy. Future refinements of these findings may cast light into the discovery of new
medications for RD.
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The retina is a peripheral component of central nervous
system that is responsible for converting visible light

into neural signals.1 It is composed of multiple layers
of retinal neurons and glia cells. As the most common
type of retinal neuroglial, Müller cells extend their axons
across retinal layers, providing metabolic and neurotrophic
support to neurons.2–4 Microglia is another type of resident
neuroglia which are constantly engaged in the surveillance
of endogenous immune environment.5 Generally, microglia
cells are distributed in the inner plexiform layer (IPL) and
the outer plexiform layer (OPL) with ramified shapes.6

Once the retina is exposed to pathological insults, microglia
cells are activated rapidly and form tightly connected clus-
ters in the damaged area by moving laterally and verti-
cally in the retina within a few hours. They phagocytose
the debris of dead photoreceptor while also communicate

with monocytes to accelerates the pathological process of
retinal degeneration (RD).7 The activated microglia adapt
their morphology from a ramified to an amoeboid form,
and migrate to the outer layer.5,8 Amoeboid microglia
respond vigorously to the stimulus through producing a
cluster of inflammatory cytokines, for example, the tumor
necrosis factor-α (TNF-α), interleukin-1β (IL-1β), reactive
oxygen species (ROS), and reactive nitrogen species (RNS),
which subsequently cause chronic inflammation in the
retina.9

Retinal degeneration (RD) is a retinopathy that is charac-
terized by the progressive demise of photoreceptors, vessel
atrophy, and visual impairments.10,11 As a multifactorial
disease, RD evolves from complex genetic and environ-
mental backgrounds.12 The initiator of RD pathology can
be traced to the retina pigment epithelium (RPE) cells,
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which are engaged in the daily phagocytosis of photore-
ceptor debris and the recycle of visual pigments.13 When
the autophagy capacity of RPE cells is impaired, insufficient
digested organelles will accumulate and form extracellular
drusen deposits.14,15 These drusen deposits subsequently
trigger chronic inflammation and oxidative damages in the
subretinal space.16–19 Recent studies show that the dysregu-
lation of inflammatory response may serve as a driving force
behind the development of RD.20,21 In a genetic RD animal
model, the activated microglia aggregates in the subreti-
nal space and contributes to the intensified inflammation.22

Pervasive microglia infiltration is also detected in the subreti-
nal space of patients with RD. In particular, the activated
microglia promote retinal angiogenesis under hypoxic stress
and guide immature blood vessels into unvascularized areas
(such as the outer nuclear layer [ONL] and macula) through
neurovascular coupling.23 In this context, chronic neuroin-
flammation is intimately involved in the RD pathogenesis ,
but the details of the underlying mechanism remains enig-
matic.22

CX3CL1 is a chemokine of the CX3C family that is abun-
dantly expressed in retinal neurons, whereas its sole recep-
tor CX3CR1 is predominantly expressed in microglia cells.24

CX3CL1/CX3CR1 signaling enables the efficient commu-
nication between the neurons and microglia.25 CX3CL1
is an adhesion molecule that plays an inhibitory role
in the pro-inflammatory response, as they can present
CX3CR1 into the microglia cells and maintain them in a
quiescent state.26 CX3CL1 are synthesized as transmem-
brane molecules that can be cleaved from the cell surface
to produce soluble forms under pathological conditions.
The soluble isoform of CX3CL1 can access the cytoplasm
through binding with CX3CR1 and consequently trigger
the chemotactic signaling pathways. Through modulat-
ing the activity of several proteases, CX3CL1 is able to
initiate the neuroinflammation response and the progres-
sion of neurodegenerations.27 Under pathological condi-
tions, CX3CL1/CX3CR1 signaling has been shown to medi-
ate the microglia activation, localization, and motility.28

On the other hand, blocking the CX3CL1/CX3CR1 interac-
tions by neutralizing antibodies can alleviate the microglia
mediated inflammation and oxidative stress.29 AZD8797
is an allosteric modulator of CX3CL1 which can non-
competitively bind with CX3CR1 and affect the downstream
G-protein activation.30 AZD8797 can mitigate the inflam-
matory response in the neural tissue through inhibiting
the release of IL-1β, IL-6, and TNF-α.31 AZD8797 can also
inhibit the infiltration of leukocyte in the central nervous
system (CNS).32 However, whether the AZD8797 can affect
the microglia activity in the degenerative retina remains
unknown.

System administration of sodium iodate (NaIO3) is a clas-
sic method to induce RD in rodents.33 The induced patholog-
ical signs, such as disrupted ONL, atrophic pigment epithe-
lial lesions, and impaired visual function, are similar to
the clinical features of patients with RD.34,35 Thus far, the
NaIO3-induced RD model has been used extensively for
studying pathology and developing therapies for RD.36 In
this study, we find that the neuroglia activation is impli-
cated in the photoreceptor death of an RD model. On the
other hand, intravitreal injection of AZD8797 can enhance
the photoreceptor survival and inhibit retinal inflammation
through CX3CL1/CX3CR1 signaling in RD. Future refine-
ments of these findings may provide a new therapeutic
approach for degenerative retinopathy.

METHODS

Animals and Drug Therapy

C57BL/6J mice (6–8 weeks, weight 20–25 g) were kept in a
20 to 25°C animal chamber which 12 hour:12 hour (8:00–
20:00) circadian cycle. NaIO3 (7681-55-2; Sigma, St. Louis,
MO, USA) was stored at 4°C and dissolved in phosphate
buffered saline (PBS) of 10 mg/kg before use. An RD mice
model was established by a single intraperitoneal injec-
tion of NaIO3 at a dose of 60 mg/kg. AZD8797 (HY-13848;
MedChemExpress, Los Angeles, CA, USA) was dissolved in
10% DMSO (3.125 ng/μL), and then was injected into the
vitreous body using a 29 G microlight syringe (Model 701;
Hamilton Company, Reno, NV, USA). AZD8797 was adminis-
tered through a single intravitreous injection within 2 hours
post modeling. Totally, 300 mice were used in this study.
In the first section, studying the pathological signs of RD
model, 100 mice were used for establishing the RD model,
and then they were used for pathological analysis at five time
points after modeling. In the therapeutic section, animals
were randomly divided into four groups: (1) normal control
group (n = 50); (2) RD group (n = 50): intraperitoneal injec-
tion 60 mg/kg NaIO3; (3) RD + vehicle group (n = 50): RD
mice received an intravitreal injection of DMSO; and (4) RD
+ AZD8797 group (n = 50): RD mice received an intravitreal
injection of AZD8797. The therapeutic effects were evalu-
ated at P14 and P28 after treatment. The protocol of animal
handling was in accordance with the ARVO Guidelines for
ophthalmic and visual research. It was approved by the
Institutional Animal Care and Use Committee of Zhengzhou
University. All efforts were made to minimize the number of
animals used and their suffering.

Light/Dark Box Test

The light/dark box system (TopScan; CleverSys, Inc., Reston,
VA, USA) is composed of a monitoring device and two
closed boxes. The surrounding environment was kept quiet
to reduce possible influence on the animal. TopScan version
software was used to record and analyze the animal trace
within the light/dark box. The examiner set the initial
background and observation scope. Mice moved freely in
the light/dark box for 10 minutes, and their movements
were recorded by a real-time video. The gained data were
exported in the form of movement track diagram and density
heat diagram.

Open Field Test

The bottom surface of the open field device (TopScan;
CleverSys, Inc.) is a 40 cm × 40 cm square. TopScan
version software was used to monitor the animal movements
within open field box for 10 minutes. Behavioral parameters,
including the total distance, speed, and time of movement
in the central region of mice, were analyzed statistically on
the basis of the track diagram and density heat diagram.

Optokinetic Behavioral Test

A mouse was placed on an elevated platform with a height
of 14.5 cm in the middle of the OptoMotry system (Clever
Sys Inc.). The OptoMotry system is made up of four LED
displays on all sides and mirrors on the ceiling and floor.
The stimuli form a virtual rotating raster with a black and
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white stripe pattern. When the grating was projected onto
the inner wall by an LED and rotates at a certain speed, the
mouse will track the stimulus by turning its head. In the
experiment, the motor response test is recorded automati-
cally when the head movement score exceeds the chance
level of stimulation-independent head movement provided
by the OptoMotry algorithm.

Multifocal Electroretinogram

Mice were anaesthetized by intraperitoneal injection of 5%
chloral hydrate (0.0008 mL/g). A compound tropicamide
eye drop was used to dilate the pupils of the eyes. Then,
the mice were placed 1 to 2 mm in front of the confocal
scanning laser ophthalmoscope (cSLO) device, which had
a built-in light source for stimulating projections. A plat-
inum ring electrode was placed on the cornea. The multi-
focal electroretinogram (mf-ERG) was recorded using the
RETI scan electrophysiological system (RETI scan; Roland
Consult, Wiesbaden, Germany). The waveform of mf-ERG is
a biphasic wave with a negative initial value followed by a
positive peak, and a secondary negative phase wave, which
were named as N-1, P-1, and N-2 waves, respectively. An mf-
ERG can stimulate 19 regions of the retina at the same time,
obtain the electrical response of each region of the retina in
a short time, and extract the electrical response of each part
of the retina to form a 3D ERG map.

Optical Coherence Tomography and Fundus
Photography

Mice were anaesthetized by intraperitoneal injection of 5%
chloral hydrate (0.0008 mL/g). The compound tropicamide
eye drops were added to dilate the eyes. The mice were
fixed on the test table of a Phoenix Micron IV Retinal
Imaging system (Microscope; Phoenix Micron, Bend, OR,
USA). The researcher adjusted the detecting lens and then
started scanning. Mouse pupils were aligned with optical
coherence tomography (OCT) probes and light angles were
adjusted to obtain clear retinal images. The fundus photo-
graph was simultaneously captured at the precise location
in the 30 degrees circle around the optic nerve head. After
scanning, the mice were transferred on the heating blanket
until they woke up.

Hematoxylin and Eosin Staining

Mouse eyeballs were fixed in paraformaldehyde at 4°C for
24 hours. The cornea, lens, and iris tissues were removed
under a stereo-microscope (SZ61; Olympus, Manila, Philip-
pines). The retained eyecup was dehydrated in a fully auto-
mated dehydrator (VIP-5-J R-JC2; SAKURA, Tokyo, Japan)
after being embedded in paraffin (TEC 5 EM JC-2; SAKURA).
Then, the retinal specimen was cut into sections with
4 μm thickness (RX-860; YAMATO, Tokyo, Japan). Paraf-
fin sections were dehydrated, and stained by hematoxylin
and eosin (H&E). A microscope (BX53; Olympus, Tokyo,
Japan) was used for observing the retinal histology. At a
distance of 200 to 300 μm from the optic nerve, a clear
visual field photograph was taken with a 40 × objective lens.
ONL thickness in each image was quantified using ImageJ
software (National Institutes of Health [NIH], Bethesda, MD,
USA).

Reactive Oxygen Species Detection

The eyecup was dehydrated for 30% sucrose and embed-
ded in the optimal cutting temperature compound (tissue-
Tek; Sakura, Torrance, CA, USA). The retinal specimen was
cut vertically into sections using a Leica CM1900 cryostat
(Leica, Wetzlar, Germany). The ROS production was evalu-
ated by dihydroethylamine (DHE; BBoxiProbe, BB-470516)
staining. The DHE fluorescence probes were diluted 2000
times with pure water to prepare for the dye probe work-
ing solution. Each section was incubated with DHE at 37°C
for 30 minutes, and then rinsed with PBS for 5 minutes × 3
times. Retinal sections were photographed at 40x magnifica-
tion using a fluorescence microscope and quantified using
ImageJ software.

The TUNEL assay

The TUNEL assay was performed according to the
manufacturer’s protocol (11684817910; Roche, Mannheim,
Germany). Frozen sections were washed with PBS 3 times
and then incubated with the TUNEL reaction mixture for
1 hour at 37°C. Then, the retinal sections were incu-
bated with 10 μl DAPI for 3 minutes at room temperature,
washed with PBS for 5 minutes × 3 times, sealed with anti-
fluorescence quenching solution (ab104135; Abcam), and
photographed under fluorescence microscope.

Immunofluorescence

Frozen retinal sections were used for immunostaining. At
room temperature, the optical cutting temperature embed-
ding agent was cleaned with PBS for 5 minutes × 3 times,
and the immunohistochemical pen was used to draw circles
around the tissues. The cell membrane was penetrated with
a penetrating agent (1% Triton X-100 in PBS) and closed with
3% bovine serum (3% BSA in PBS containing 0.1% Triton
X-100) at 37°C for 30 minutes. Then, the retinal sections were
incubated with primary antibody indulging IBA1 (ab178847,
1:100; Abcam), GFAP (G3893, 1:200; Sigma), Rhodopsin
(ab98887, 1:500; Abcam), CX3CL1 (ab25088, 1:500; Abcam),
CX3CR1 (2093, 1:500; ProSci), GS (ab176562, 1:250; Abcam),
Ly6G (ab25377, 1:100; Abcam,) at 4°C overnight. The reti-
nal section was cleaned with PBS for 5 minutes × 3 times,
and then were incubated with second antibody anti-Mouse
Alexa 488 (ab6785, 1:1000; Abcam), anti-Ribbit Alexa 488
(ab150077, 1:1000; Abcam), or anti-Rat Alexa 488 (ab150157,
1:200; Abcam) for 1 hour at 37°C. Retinal sections were
washed with PBS for 5 minutes × 3 times, and incubated
with anti-fluorescence quenching containing DAPI (D21490;
Thermo Fisher Scientific). A computer-assisted imaging anal-
ysis system (ImageJ; NIH, USA) was used to quantify the
intensity of immunofluorescence. Relative protein expres-
sion levels were normalized to the control group by calcu-
lating fluorescence intensity.

Western Blot Assay

Extracted retina protein was measured using the BCA
Protein Concentration Assay Kit (P0010; Beyotime, China).
Protein samples were adjusted to the same protein concen-
tration (1 μg/μL) and denatured. Each sample (10 μL)
containing an equal amount of protein was extracted for
electrophoresis. Proteins were transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore, Billerica, MA, USA)
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in transfer buffer. PVDF membranes were blocked with
5% skimmed dry milk (5% bovine serum) for 2 hours
at room temperature, and then were washed with PBS
containing 0.1% Tween-20 (TBST) for 5 minutes × 3 times,
with separate primary antibodies IL-1β (12224, 1:1000; Cell
Signaling Technology), TNF-α (ab6671, 1:1000; Abcam),
NF-κB (8242, 1:1000; Cell Signaling Technology), p-NF-
κB (3033, 1:1000; Cell Signaling Technology), CX3CL1
(ab25088, 1:1000; Abcam), CX3CR1 (ab66712093, 1:1000;
ProSci) GAPDH (ab8245, 1:20,000; Abcam), β-actin (A1978,
1:10,000; Sigma) overnight at 4°C. The primary antibody
was recovered, and the PVDF membrane was washed with
TBST for 5 minutes × 4 times, and then was incubated with
goat anti-Mouse IgG secondary antibody (ab6789, 1:10,000;
Abcam) or goat anti-Rabbit IgG secondary antibody (ab6721,
1:20,000; Abcam) for 2 hours at room temperature. After
four washes with TBST, the electrochemiluminescence (ECL)
droplets were added to the PVDF membrane to uniformly
distribute over the whole surface of the membrane, and then
put into the gel imaging system for photography.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
7.0 edition. The statistical data were tested for normality
by 1-way ANOVA analysis and Bonferroni multiple compari-
son. The data were expressed as mean ± standard deviation
(mean ± SD). P < 0.05 was statistically significant.

RESULTS

Photoreceptor Apoptosis in the Retina of the RD
Model

In the normal controls, the ONL was complete, and
the boundary between retinal layers was even. Inter
segments/outer segments (IS/OS) of the photoreceptor were
neatly arranged and their nucleus were uniformly stained
with H&E (Fig. 1A). Conversely, in the RD model, the
retinal thickness and the cell number in ONL decreased
progressively between P7 and P28 after modeling (Fig. 1B;
P < 0.0001, n = 6). The ONL structure was bent and the
boundary between IS/OS was blurred. Brown deposits were
detected in the RPE of the RD model (marked with the
white arrow), and the lesion scale increased over time. These
brown deposits were similar to the drusen lipids in patients
with RD in terms of appearance. As shown in the immunos-
taining of rhodopsin, a specific rod photoreceptor marker,
the architecture of IS/OS, were neat at P1. Subsequently
at P7, the rod photoreceptors were severely damaged and
theirs IS/OS were shortened. The fluorescence intensity of
rhodopsin decreased over time (Fig. 1C; P < 0.0001, n =
6). Moreover, the intensity of ROS staining increased signifi-
cantly after modeling (Fig. 2A; P < 0.0001, n = 6), indicating
that excessive oxidation occurred in the retina of RD model.
Furthermore, the TUNEL positive cells appeared in the ONL
of the RD model at P7, and the cell counts increased over
time (Fig. 2B; P < 0.0001, n = 6).

CX3CL1/CX3CR1 Activation in the Retinas of the
RD Model

Microglia cells in the retinal sections of the RD model
were labeled by ionized calcium binding adapter molecule
1 (IBA1). At P1, the microglia cells were distributed in
IPL and OPL with a ramified shape. Subsequently at P7,

the microglia cells migrated to the ONL and assumed an
“amoeba” shape. Quantification analysis showed that the
counts of IBA1 positive cells peaked at P14 (Fig. 3A; P <

0.0001, n = 6). Glial fibrillary acid protein (GFAP) is a typical
marker of retinal gliosis, and its expression increases with
its post-translational modification of citrullination.37 At P1,
the GFAP immunostaining was distributed throughout the
retina, forming the internal limiting membranes (ILMs) and
external limiting membranes (ELMs). However, these Müller
cells were activated to produce glial filaments at P7, and
the distribution range of GFAP gradually extended to ONL.
The number of GFAP-positive cells increased over time, and
peaked at P14 (Fig. 3B; P < 0.0001, n = 6). Glutamine
synthetase (GS) can protect the retina from glutamate excita-
tory toxicity by transporting extracellular glutamate, and acts
as a differentiation marker of Müller cell.38 In the RD model,
GS immunostaining decayed progressively after modeling,
and the distribution was disordered (Fig. 3C; P < 0.0001,
n = 6). Western blot results showed that the expres-
sion levels of IL-1β and TNF-α increased significantly after
modeling (Fig. 3D; P < 0.0001, n = 6). The number of
CX3CL1/CX3CR1 positive cells also increased significantly
at the onset of RD (Figs. 4A, 4B; P < 0.0001, n = 6). Consis-
tent with the immunofluorescence results, the Western blot
results showed that the protein levels of CX3CL1/CX3CR1
increased significantly during the RD process (Figs. 4C, 4D;
P < 0.0001, n = 6). The expressions of p-NF-κB, a down-
streammediator of CX3CL1/CX3CR1 pathway, also increased
significantly in the RD model (Fig. 4E; P < 0.0001, n = 6).

CX3CR1 Antagonist Protected the Morphology of
the RD Model

AZD8797, a CX3CR1 antagonist, was delivered into the vitre-
ous body of the RD model. OCT examination showed that
the retinal structure of the RD model was disrupted and
the reflectivity increased significantly compared with normal
controls. Conversely, the retina of the RD + AZD8797 group
had intact structures and clear boundary between layers.
The retinal thickness in the RD + AZD8797 group was
significantly larger compared with the RD group (Fig. 5A;
Supplementary Fig. 1A; P < 0.0001, n = 6). Fundus photog-
raphy showed that the retinal vessels of normal control
were distributed evenly with distinct branches and reddish
color. However, pervasive and disordered lesions were found
in the fundus of the RD group. After AZD8797 treatment,
the scale of retinal lesions reduced significantly, and the
vessel distribution was much clearer. H&E staining showed
that the retinal structure of the RD + AZD8797 group was
consolidated. The IS/OS length of the RD + AZD8797 group
increased significantly compared with the RD group (Fig. 5B;
Supplementary Fig. 1B; P < 0.01, n = 6). Immunostain-
ing of rhodopsin showed that the rod photoreceptor in the
RD + AZD8797 group had longer IS/OS compared with that
of the RD group (Fig. 5C; Supplementary Fig. 1C; P < 0.01,
n = 6).

CX3CR1 Antagonist Improved the Visual Function
of the RD Model

In the mf-ERG examination, the mean amplitude of the
P-1 waves in the normal control group were significantly
larger compared with that in the RD group. The 3D ERG
map also showed that severe visual malfunction occurred
in the RD group. However, AZD8797 could improve the
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FIGURE 1. Photoreceptor apoptosis in the retina of the RD model. (A) H&E staining was performed on the retinal sections. (B) In the RD
model, the retinal thickness and the ONL thickness decreased progressively after modeling. The ONL structure was bent and the boundary
between IS/OS was blurred. Brown deposits were marked with the white arrow. (C) As shown in the immunostaining of rhodopsin, the rod
photoreceptors were severely damaged and their IS/OS were shortened after modeling. The fluorescence intensity of rhodopsin decreased
over time. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer;
IS/OS, inner segment rod/outer segment rod; RPE, retinal pigment epithelium. (Scale = 400 μm and 20 μm, *P < 0.05, **P < 0.01, and
****P < 0.0001, for differences between time points, #P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001 for differences between animal
groups, n = 6).

retinal function comprehensively (Figs. 6A, 6B; Supplemen-
tary Figs. 2A, 2B; n = 6). In the RD + AZD8797 group, the
amplitude of P-1 waves increased significantly in the all the
3 rings compared with the RD group. Subentry, the mice in
the RD + AZD8797 group were subjected to light/dark box
test. The behavioral parameters including movement speed
and shuttle times between boxes in the RD + AZD8797
group increased significantly compared with those in the RD
group. On the other hand, the movement time and distance
in the light box reduced significantly after AZD8797 treat-
ment (Figs. 7A, 7B; Supplementary Fig. 3A; P < 0.01, n
= 8). In the open field test, behavioral parameters includ-
ing the frequency of entering the central area, the dura-
tion in the central area, the total distance, and speed of
movement in the RD + AZD8797 group increased signif-
icantly compared with those in the RD group (Figs. 7C,
7D; Supplementary Fig. 3B; P < 0.01, n = 8). In greater
detail, the spatial vision of mice was quantified according
to their optomotor response.39 The results showed that the

contrast sensitivity and spatial resolution of the RD group
was significantly lower compared with normal controls.
However, the RD + AZD8797 group mice had better visuo-
motor response in terms of contrast sensitivity and spatial
resolution (Fig. 8; Supplementary Fig. 4A; P < 0.0001, n =
6). These findings indicated that AZD8797 could improve
the visual function and behavioral performance of the RD
model.

CX3CR1 Antagonist Alleviated Oxidative Stress
and Apoptosis in the RD Model

DHE fluorescence assay showed that the ROS level in the
RD group increased significantly compared with the normal
control group (Fig. 9A; P < 0.0001, n = 6). However,
AZD8797 could mitigate the ROS production in degenerative
retinas (see Fig. 9A; Supplementary Fig. 5A; P < 0.001, n =
6). Moreover, the TUNEL assay showed that the number of
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FIGURE 2. Oxidative stress and photoreceptor apoptosis in the retina of RD model. (A) The intensity of ROS staining increased signifi-
cantly after modeling. (B) The TUNEL positive cells were detected in the ONL of RD model at P7, and the cell counts increased progressively.
(Scale = 20 μm), the red arrows indicate TUNEL positive cells. (*P < 0.05, **P < 0.01, and ****P < 0.0001, for differences between time
points, and #P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001, for differences between animal groups, n = 6).

apoptotic cells in the RD + AZD8797 group reduced signifi-
cantly compared with the RD group (Fig. 9B; Supplemen-
tary Fig. 5B; P < 0.001, n = 6). These results suggested
that AZD8797 enhanced the photoreceptor survival in the
RD model through alleviating the oxidative stress and
apoptosis.

CX3CR1 Antagonist Inhibited the Neuralgia
Activation and Inflammatory Response

As shown in the immunochemistry assay, the microglia
cells in the retina of the RD group were activated with
the amoeboid-like shape. However, microglia cell activation
was inhibited by AZD8797 treatment, as evidenced by the
reduced the number of IBA1 positive cells (Fig. 10A; Supple-
mentary Fig. 6A; P < 0.01, n = 6). Then, we used Ly6G
to label the neutrophils in the retina. The results showed
that the number of Ly6G positive cells in the retina of the
RD model increased significantly compared with that in
the normal controls. However, AZD8797 treatment reduced
significantly the number of Ly6G positive cells in the retina
of RD model (Fig. 10B; P < 0.0001, n = 6). Moreover, the
microglia cells in the RD + AZD8797 group were distributed
within the inner retinal layers with branching structure. In
the RD group, the immunostaining of GFAP increased signif-
icantly compared with the normal controls. After AZD8797
treatment, the immunostaining intensity of GFAP reduced
significantly (Fig. 10C; Supplementary Fig. 6B; P < 0.0001,
n = 6). On the other hand, the GS immunostaining in the
RD + AZD8797 group increased significantly compared with
the RD group (Fig. 10D; Supplementary Fig. 6C; P < 0.01,
n = 6). Western blot results showed that the IL-1β and TNF-

α protein expressions reduced significantly after AZD8797
treatment (Fig. 10E; Supplementary Fig. 6D; P < 0.001,
n = 6).

In the retinas of the RD + AZD8797 group, the number
of CX3CL1 and CX3CR1 positive cells reduced significantly
compared with the RD group (Figs. 11A, 11B; Supplemen-
tary Fig. 7A, 7B; P < 0.001, n = 6). Western blot results
showed that the protein levels of CX3CL1 and CX3CR1 in
the RD + AZD8797 group reduced significantly compared
with the RD group (Figs. 11C, 11D; Supplementary Fig. 7C,
7D; P < 0.0001, n = 6). Additionally, the expression level
of p-NF-κB protein decreased significantly after AZD8797
treatment (Fig. 11E; Supplementary Fig. 7E; P < 0.01,
n = 6).

DISCUSSION

In RD pathogenesis, excessive oxidative stress, disrupted
protein balance, and mitochondrial dysfunction form an
internal feedback loop that allows the accumulation of
abnormally misfolded proteins and lipids.40 Drusen is
composed of oxidized lipids, lipofuscin, complement,
and other immune-activating components. Accumulating
evidence shows that these constituents will induce chronic
inflammation in the subretinal space.41,42 Accordingly, the
degree of photoreceptor demise exacerbates with the
enlargement of drusen size.43 In this study, we show that
the pathological features of the RD model, including focal
retina atrophy, lipofuscin accumulation, and progressive
visual impairments, all closely resemble these occurring in
patients.44 In particular, the microglia and Müller cell are
activated to release inflammatory factors into the retina
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FIGURE 3. Neuroglia activation in the RD model. (A) Microglia in the retinas of RD model were labeled with IBA1. The microglia were
distributed in IPL and OPL with a ramified shape. At P7, the microglia migrated to the ONL and assumed an “amoeba” shape. Quantification
analysis showed that the counts of IBA1 positive cells peaked at P14. (B) The GFAP immunostaining showed that Müller cells were activated
to produce glial filaments at P7, and the distribution range of GFAP gradually extended to ONL. The number of GFAP-positive cells increased
over time. (C) GS immunostaining decayed progressively after modeling, and the distribution was disordered. (D) Western blot results showed
that the IL-1β and TNF-α expressions increased significantly after modeling. (*P< 0.05, **P< 0.01, and ****P< 0.0001, for differences between
time points, and #P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001, for differences between animal groups, n = 6).

tissue of the RD model. The CX3CL1/CX3CR1 signaling path-
way, which plays a critical role in modulating microglia
activity, is upregulated throughout the whole degenerative
process of the RD model.

It is widely acknowledged that microglia-mediated
inflammation contributes to the pathogenesis of RD.45

In both human patients and RD animal models, chronic
pro-inflammatory responses engineered by microglia cells
are considered as an initiative event in retinal damage.46

After activation, these amoeba-like microglia cells release
neurotoxic molecules, such as pro-inflammatory cytokines,
ROS intermediates, and proteinases to exacerbate photore-
ceptor death.47 Microglia cells represent a population of
macrophages that engage in the activities of immune surveil-
lance and maintaining endogenous homeostasis.48 They can
phagocytose the shedding membrane discs and the cellu-
lar debris from dying photoreceptors.49 When the retina is
exposed to exogenous insults, microglia cells can respond
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FIGURE 4. CX3CL1-CX3CR1 signaling activation in the retina of RD model. (A and B) The number of CX3CL1/CX3CR1 positive cells
increased significantly at the onset of RD. (C and D) The protein levels of CX3CL1/CX3CR1 increased significantly during the RD process. The
expressions of p-NF-κB, a downstream mediator of CX3CL1/CX3CR1 pathway, also increased significantly in the RD model. (E) (*P < 0.05,
**P < 0.01, and ****P < 0.0001, for differences between time points, and #P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001, for
differences between animal groups, n = 6).

dynamically to pathological factors. In this study, we show
that these amoeboid-like microglia cells migrate into the
ONL of the RD model. The accumulation of congenital
immune cells in the ONL or subretinal space has been recog-
nized as a typical hallmark of RD progression.50 Prolonged
exposure to activation stress will cause microglia to denature
retinal neurons.51 Encouragingly, the intravitreal injection
AZD8797 can inhibit the microglia activation and migra-
tion in the RD model. AZD8797 also mitigates the expres-

sion levels of IL-1β and TNF-α in the retina tissue. Thus
far, several broad-spectrum antibiotics have been shown
to prevent complement activation, inhibit matrix metal-
loproteinases, and inhibit microglia activation in the RD
model.52,53 For instance, minocycline can reduce signifi-
cantly microglial activation and migration in Royal College
of Surgeons (RCS) mice.54 Once the microglia activation has
been suppressed by anti-inflammatory treatment, the reti-
nal structure and visual function are efficiently preserved.
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FIGURE 5. AZD8797 alleviates the morphology retinal in RD mice model at P28. (A) OCT examination showed that the retina of the
RD + AZD8797 group had intact structures and clear boundary between layers. The retinal thickness in the RD + AZD8797 group was
significantly larger compared with the RD group. Fundus photography showed that the scale of retinal lesions reduced significantly after
AZD8797 treatment. (B) H&E staining showed that the ONL thickness of the RD + AZD8797 group increased significantly compared with the
RD group. (C) Immunostaining of rhodopsin showed that the rod photoreceptor in the RD + AZD8797 group had longer IS/OS compared
with that of the RD group. (*P < 0.05, **P < 0.01, and ****P < 0.0001, for differences compared with the normal control, and #P < 0.05,
##P < 0.01, ###P < 0.001, and ####P < 0.0001, for differences between animal groups, n = 6).

Moreover, intravitreal injection of anakinra, a recombinant
IL-1 receptor antagonist (IL-1RA), can alleviate photore-
ceptor apoptosis in rd10 mice.55 Furthermore, transloca-
tor protein (TSPO) is a diazepam-binding inhibitor that can
bind with its endogenous ligand in the eye. It can elimi-

nate the activated M1 microglia and inhibiting the release
of TNF, thereby significantly attenuating the photorecep-
tor loss.56 Taken together, these findings highlighting that
medications targeting microglia activation might be effec-
tive to arrest the photoreceptor demise in RD. CXCR2 is a
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FIGURE 6. AZD8797 improved the ERG function in RD model at P28. (A) The typical ERG waveforms and 3D ERG map of each animal
groups at P28. (B) Representative images of amplitude changes in all the four quadrants: superior temporal, inferior, and nasal quadrants,
respectively, statistical analysis of the amplitudes in three recording rings: central, mid-pericentral, and peripheral rings, respectively. In the
RD + AZD8797 group, the amplitude of P-1 wave increased significantly in the all the quadrants and rings compared with the RD group.

G-protein coupled receptor (GPCR) responsible for the
cellular signal transduction.57 CXCR2 can be activated
by interleukin-8 (IL-8), thereby regulating the recruitment
of neutrophils from blood to the inflammatory sites.58

Increased neutrophil infiltration has been found in the reti-
nas of patients with dry/atrophic age-related macular degen-
eration (AMD) and mice models.59,60 On the other hand, the
blockade of CXCR2 markedly can attenuate the macrophage
infiltration, proinflammatory cytokine release, and oxidative
stress in the hypertensive retinopathy mouse model.61 In
our study, we show that AZD8797 can inhibit CXCR2 medi-
ated neutrophil chemotaxis, and ameliorate the inflamma-
tion reaction in degenerative retinas. These findings suggest

that therapeutic agents seeking to inhibit the neutrophil
chemotaxis may be effective to ameliorate the neural and
vascular damages in RD.

Müller cells constitute the extracellular ATP source and
mediate the dynamic process of retinal gliosis.62 Typical
features of retinal gliosis include the Müller cells hyper-
trophy, enhanced intermediate filament production (such
as GFAP), increased rates of proliferation, and reduced
GS expression.3 Mark et al. have shown that retinal laser
injury stimulates Müller cell activation as indicated by upreg-
ulation of the GFAP and nesting.63 Enhanced GFAP has
also been found in the RP model, a retinitis pigmen-
tosa model.64 The upregulation of GFAP can help to
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FIGURE 7. AZD8797 alleviated the behavioral impairments of RD model at P28. (A and B) Light/dark box test (trajectories and density
maps) of the mice after AZD8797 treatment at P28. The statistical results of behavioral parameters including the shuttle through in the dark
box, durations in the light box, the distance traveled in the light box, and the speed of movement of mice in the light box. (C and D) Open
field test of (trajectories and density maps) of the mice after AZD8797 treatment at P28. The statistical results of behavioral parameters
including shuttle through in the center area, durations(s) in the center area, durations (%) in the center area, the distance traveled in the
center area, and the speed of movement of mice in the center area (*P < 0.05, **P < 0.01, and ****P < 0.0001, for differences compared with
the normal control, and #P < 0.05, ##P < 0.01, and ####P < 0.0001, for differences between animal groups, n = 8).

maintain the integrity of retinal tissue by facilitating the
cyto-architectural remodeling. However, prolonged GFAP
expression will produce passive effects on the survival of
retinal neurons.65 For instance, over-activated Müller cells
secrete TNF-α, which interacts with interleukin chemokines

and promote microglia infiltration into the outer layers of
retina. The intermediate filament of Müller cells also acts as
an adhesive cellular scaffold that guides the movement of
the reactive microglia across various retinal layers.66 Addi-
tionally, hypertrophied side branches of Müller cells can
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FIGURE 8. AZD8797 improved visuospatial behavior of RD model at P28. (A) Schematic diagram of visuospatial behavior test.
(B) AZD8797 improved the spatial resolution and contrast sensitivity of the RD model at P28 (n = 6). (*P < 0.05, **P < 0.01, and
****P < 0.0001, for differences compared with the normal control, and #P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001, for
differences between animal groups, n = 6).

FIGURE 9. AZD8797 alleviated oxidative stress and photoreceptor apoptosis in RD model at P28. (A) DHE fluorescence assay showed
that AZD8797 could mitigate the ROS production in degenerative retinas. (B) TUNEL assay showed that the number of apoptotic cells in the
RD + AZD8797 group reduced significantly compared with the RD group, the red arrows indicated the TUNEL positive cells. (*P < 0.05,
**P < 0.01, and ****P < 0.0001, for differences compared with the normal control, and #P < 0.05, ##P < 0.01, ###P < 0.001, and
####P < 0.0001, for differences between animal groups, n = 6).

enter the outermost photoreceptor layer and disturb the
normal metabolism.67 Therefore, excessive gliosis reaction
would be deleterious to retinal neurons. Encouragingly,
AZD8797 inhibits the Müller cell mediated gliosis response,
as evidenced by reduced GFAP expression and increased
GS level. Previous researchers have proposed that modu-
lating the Müller cell activity can enhances the survival of
photoreceptors. For instance, silencing AQP4-AS1 can inhibit

the Müller cell mediated gliosis in the DR mice model,
thereby alleviating the retinal capillary degeneration and
retinal ganglion cells (RGC) demise.68 In the traumatic prolif-
erative vitreoretinopathy (PVR) rabbit model, a slow-release
dexamethasone implant can promote photoreceptor survival
by mitigating Müller cell gliosis.69 Recent studies also show
that photobiomodulation (PBM) inhibits Müller cell activa-
tion and reduce the expression level of IL-1β and IL-6 in
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FIGURE 10. AZD8797 inhibited the neuroglia activation and inflammatory response. (A) The microglia cells in the RD + AZD8797
group were distributed within the inner retinal layers with branching structure. The number of IBA1 positive cells in the RD + AZD8797
group reduced significantly compared with the RD group. (B) The number of Ly6G-positive cells in the RD group reduced significantly
after AZD8797 treatment. (C) The immunostaining intensity of GFAP in the RD group reduced significantly after AZD8797 treatment.
(D) The GS immunostaining in the RD + AZD8797 group increased significantly compared with the RD group. (E) Western blot
results shown that the IL-1β and TNF-α protein expressions reduced significantly after AZD8797 treatment. (*P < 0.05, **P < 0.01, and
****P < 0.0001, for differences compared with the normal control, and #P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001, for differ-
ences between animal groups, n = 6).

the light-induced RD model.70,71 In this study, we show
that AZD8797 inhibits the gliosis response and rescues the
photoreceptors in RD mice. As shown in the behavioral test,
severe vision disturbances occur in the RD model. A normal
mouse has an exploratory spirit, which would inspire it to go
back and forth between the light/dark box to explore.72,73

After AZD8797 treatment, the behavioral parameters recov-
ered to some extent, indicating that the morphological bene-
fits can be translated successfully into visual improvements.

CX3CL1/CX3CR1 appear to have evolved as a communi-
cation means between neurons and microglial cells, being
pivotal for preserving tissue homeostasis under normal
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FIGURE 11. AZD8797 suppress the CX3CL1/CX3CR1 signaling pathway. (A and B) The number of CX3CL1 and CX3CR1 positive cells
in the RD + AZD8797 group, reduced significantly compared with the RD group. (C, D, and E) Western blot results showed that the protein
levels of CX3CL1, CX3CR1, and p-NF-κB in the RD + AZD8797 group reduced significantly compared with the RD group, the expression
levels of CX3CL, CX3CR1, and NF-κB protein were analyzed by Western blot assay. NF-κB and statistical line chart of gray value. (Scale
= 20 μm; *P < 0.05, **P < 0.01, and ****P < 0.0001, for differences compared with the normal control, and #P < 0.05, ##P < 0.01, and
###P < 0.001, for differences between animal groups, n = 6).
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physiological circumstances.74 It helps maintain the appro-
priate distribution of microglia within the retina and
also actively regulates continuous microglial “surveying”
process.75 CX3CL1 is expressed in the form of either
membrane-bound or secretory ligands in retina. It can modu-
late the inter-neuron communication and regulate the acti-
vation and motility of microglia.76 The expression level
of CX3CL1 can alter dynamically in response to patho-
logical disturbances.29,77 Elevated CX3CL1 expression has
been detected in the retina-choroid tissue of photo-toxicity
induced RD model.78 CX3CL1 is released in the soluble form
to induce the microglia migration.29 Soluble CX3CL1 can
further interact with the CX3CR1 in microglia, and facili-
tate the release of inflammatory factors, including TNF-α,
IL-6, and IL-1β.79 A recent study shows that the sever-
ity of photoreceptor death is positively correlated with
the CX3CL1/CX3CR1 expressions.29 In the RD rat model,
Müller cells promote the motility of microglia, through
upregulating the CX3CL1/CX3CR1 expression in microglial
cells.80 CX3CL1 expression is also strongly induced by classic
proinflammatory cytokines, such as TNF-α and IL-1β, IL-4,
and interferon-γ (IFN-γ ).81,82 Under pathologic conditions,
CX3CL1 staining is most pronounced distributed in the inner
nuclear layer (INL), OPL, RPE, and outer limiting membrane
(OLM), compared with the fainter staining in the photore-
ceptor layers.77 A clinical study also finds that the CX3CR1-
positive monocytes accumulate in the retina and subretinal
space of patients with RD. These non-classical monocytes
will induce neuroinflammation by releasing IL-1β, and exac-
erbate photoreceptor death.83,84 A previous study shows that
CX3CR1 knockout will cause subretinal microglia activation,
accumulation, and photoreceptor death in mouse retina,
indicating that physiologic CX3CL1/CX3CR1 signaling is
essential for maintaining microglia homeostasis.85 However,
under pathological conditions, the CX3CL1/CX3CR1 signal-
ing can become overactive. The key distinction is that in
physiological conditions, CX3CL1 signaling serves a homeo-
static and regulatory role, helping to maintain tissue health;
whereas in certain pathological conditions, an intriguing
phenomenon arises where it can paradoxically promote an
inflammatory response. The mechanism of the action of
CX3CL1/CX3CR1 signaling pathway in neurological disor-
ders is bidirectional.86 Chronic levels of retinal inflammation
in turn can elevate CX3CL1 levels, in so doing, may influence
the vigor of microglial “surveying” behavior and prompt
a more rapid dynamic microglial response to insults. For
instance, the expressions of CX3CL1 and CX3CR1 are signif-
icantly upregulated in the retinas of the RD animal modes,
and are obviously downregulated after anti-inflammatory
treatment.87–89 The factors that govern whether a neuro-
protective or neurotoxic response occurs likely depend
on several variables, including the nature of the initial
stimulus, the specific retinal locations, and the localized
concentrations of CX3CL1/CX3CR1.90 Agreed well with
aforementioned reports, we find that the CX3CL1/CX3CR1
signaling is activated in the retina of the RD model.
These commons indicate that the pharmacological NaIO3

induced mice model can mimic the pathological features
of patients with RD to some extent. As a selective antag-
onist of CX3CR1, AZD8797 can inhibit CX3CR1 binding
to the soluble CX3CL1, and mitigates the production of
inflammatory cytokine like IL-1β.79 Moreover, AZD8797
can block the infiltration of CX3CR1-positive leukocytes,
and alleviate the brain paralysis.91 Collectively, these find-
ings suggest that CX3CL1/CX3CR1 signaling is impli-

cated in the pathological mechanism of RD, and CX3CR1
inhibitors, like AZD8797, is effective to ameliorate the retinal
inflammation.

NF-κB is a transcription factor that modulates the tran-
scription of inflammatory and immune genes. Notably, NF-
κB acts as a downstream mediator factor of CX3CL1/CX3CR1
signaling pathway in RD pathology.92 NF-κB can also induce
the NLRP3 activation and enhance IL-1β production through
the HMGB1/caspase-8 pathway.93 In a rat model of chronic
ocular hypertension, transient receptor potential vanilloid
4 (TRPV4) activation induces TNF-α release and exacer-
bates RGC apoptosis via the JAK2/STAT3/NF-κB pathway in
glaucoma.94 Pan S et al. find that lipopolysaccharide (LPS)
enhances the expression of NF-κB and p-p65 in human
retinal pigmented epithelial (ARPE-19) cell line, conversely,
mitigating the expression of NF-κB will confer benefits
on retinal cells.95 In this context, several pharmacological
agents have been used to inhibit the NF-κB signaling in
RD models. For instance, erianin, a bibenzyl compound, can
suppress the glucose transporter 1-mediated glucose uptake
into microglial cells by abrogating the ERK1/2–NF-κB signal-
ing pathway.96 Moreover, Resvega can inhibit the VEGF-A
secretion through and mitigate apoptosis of ARPE-19 cell
lines through modulating NF-κB signaling.97 In this study,we
show that CX3CL1/CX3CR1 signaling promotes the release
of IL-1β and TNF-α through the phosphorylation of NF-κB.
Moreover, AZD8797 can inhibit the phosphorylation of NF-
κB, and alleviate the inflammatory response. Accordingly,
NF-κB may be developed into a potential therapeutic target
for RD.

In summary, this study uncovered a contributory role
of CX3CL1/CX3CR1 signaling to the RD pathology. The
microglia and Müller cell were activated to induce inflam-
matory response in the RD mice model. On the other hand,
intravitreal injection of AZD8797, a CX3CR1 antagonist, can
rescue the photoreceptor, ameliorate the oxidative stress,
and inhibit the reactive gliosis. These findings suggest that
targeting the neuroglia activation may provide an effective
therapeutic strategy for RD.
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