
Neurobiology of Disease

Suppression of Microglial Activation Is Neuroprotective in a
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Retinitis pigmentosa (RP) is a photoreceptor-degenerative disease caused by various mutations and is characterized by death of rod
photoreceptor cell followed by gradual death of cone photoreceptors. The molecular mechanisms that lead to rod and cone death are not
yet fully understood. Neuroinflammation contributes to the progression of many chronic neurodegenerative disorders. However, it
remains to be determined how microglia contribute to photoreceptor disruption in RP. In this study, we explored the role of microglia as
a contributor to photoreceptor degeneration in the rd10 mouse model of RP. First, we demonstrated that microglia activation was an early
alteration in RP retinas. Inhibition of microglia activation by minocycline reduced photoreceptor apoptosis and significantly improved
retinal structure and function and visual behavior in rd10 mice. Second, we identified that minocycline exerted its neuroprotective effects
through both anti-inflammatory and anti-apoptotic mechanisms. Third, we found that Cx3cr1 deficiency dysregulated microglia activa-
tion and subsequently resulted in increased photoreceptor vulnerability in rd10 mice, suggesting that the Cx3cl1/Cx3cr1 signaling
pathway might protect against microglia neurotoxicity. We concluded that suppression of neuroinflammatory responses could be a
potential treatment strategy aimed at improving photoreceptor survival in human RP.
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Introduction
Retinitis pigmentosa (RP) is a photoreceptor-degenerative dis-
ease caused by various mutations that result in rod death followed
by gradual death of cones (Hartong et al., 2006). However, the
molecular mechanisms that lead to rod and cone death are not
fully understood. There are currently few effective treatments
that can halt or reverse progressive photoreceptor degeneration
for human RP. Thus, it becomes critical to investigate what de-
termines the progressive nature of RP, and to develop therapeutic
strategies aimed at suppressing its progression. Neuroinflamma-
tion is now considered a hallmark of many chronic neurodegen-
erative disorders (Glass et al., 2010). Microglia mediate an innate
immune response and contribute to the progression of diseases
(Hanisch and Kettenmann, 2007). However, it remains to be
determined how neuroinflammation contributes to photorecep-
tor degeneration in RP.

Microglia react promptly to a wide variety of neural injuries.
On the one hand, microglia function as specialized scavengers

that eliminate pathogens (Hanisch and Kettenmann, 2007). On
the other hand, microglia have been implicated in the pathology
of neurodegenerative diseases (Block et al., 2007). Previous stud-
ies have shown that microglia activation contributes to Parkin-
son’s and Alzheimer’s diseases (Lucin and Wyss-Coray, 2009;
Saijo and Glass, 2011). Inherited retinal degeneration is also as-
sociated with microglia activation (Langmann, 2007), which is
identified in RP animal models and human RP (Roque et al.,
1996; Gupta et al., 2003; Zeiss and Johnson, 2004; Zeng et al.,
2005; Gehrig et al., 2007; Sasahara et al., 2008; Ebert et al., 2009;
Zhou et al., 2011; Sheets et al., 2013; Yoshida et al., 2013a,b).
Moreover, microglia activation has been found to coincide with
or to precede the occurrence of peak photoreceptor apoptosis in
RP (Roque et al., 1996; Gupta et al., 2003; Zeiss and Johnson,
2004; Zeng et al., 2005; Gehrig et al., 2007), suggesting that mi-
croglia might play an active role in the pathogenesis of RP. How-
ever, the identification of activated microglia in RP retinas does
not, in itself, confirm the role of activated microglia in the pro-
gression of photoreceptor apoptosis.

In this study, we asked whether activated microglia contrib-
uted to RP neurodegenerative process. For this purpose, we used
rd10 mice, a well characterized mouse model of RP, to study the
role of microglia in photoreceptor apoptosis. To validate the im-
portance of neuroinflammation in RP, minocycline, an inhibitor
of microglial activation, was injected into the peritoneum of rd10
mice. Moreover, chemokine receptor Cx3cr1, which is specifi-
cally expressed by microglia, has been suggested to play an im-
portant role in regulating microglia activation and neuronal
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survival (Meucci et al., 2000; Cardona et
al., 2006). It also has been reported that
Cx3cr1 deficiency causes pronounced
accumulation of activated microglia in
retinas, leading to retinal macular degen-
eration (Combadière et al., 2007). How-
ever, it remains unclear whether this
signaling pathway contributed to the pathol-
ogy in RP. We backcrossed Cx3cr1GFP/GFP

mice, in which the Cx3cr1 gene was re-
placed with a cDNA encoding green
fluorescent protein, into the rd10 back-
ground, and investigated the effect of
Cx3cr1 deficiency on microglia activation
and photoreceptor survival in rd10
retinas.

Materials and Methods
Animals and treatment. Wild-type (WT;
C57BL/6J) mice, rd10 mice, and Cx3cr1GFP/GFP

mice were obtained from The Jackson Labo-
ratory. Rd10 mice were backcrossed with
Cx3cr1GFP/GFP mice, and the littermates from
rd10/Cx3cr1�/GFP mice and rd10/Cx3cr1GFP/GFP

mice of either sex were used for experiments.
Animals were housed on a 12 h light/dark cycle
and maintained at the Laboratory Animal
Unit, The University of Hong Kong. All exper-
imental procedures were approved by the Committee on the Use of Live
Animals in Teaching and Research at The University of Hong Kong and
conducted in accordance with the ARVO statement for the use of ani-
mals. The Laboratory Animal Unit of the University of Hong Kong is
fully accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care International.

Minocycline (Sigma-Aldrich) or vehicle PBS was injected intraperito-
neally. rd10 mice were treated with minocycline (45 mg/kg) twice daily
(12 h apart), starting from postnatal day 13 (P13) and continuing
through to P24 or P29. Another set of rd10 mice was similarly prepared to
receive intraperitoneal injections of cyclooxygenase (COX)-1 selective
inhibitor SC-560 (30 mg/kg; Sigma-Aldrich) or vehicle (24% DMSO in
0.1 M phosphate buffer, pH 7.4) once a day from P13 to P24.

Immunocytochemistry and confocal imaging. The animals were deeply
anesthetized with a mixture of ketamine hydrochloride (30 – 40 mg/kg)
and xylazine (3– 6 mg/kg) at different time points. Eyes were quickly
enucleated after a reference point was made to label the superior pole and
the retinas were dissected free of vitreous and sclera in carboxygenated
Ames’ Medium (Sigma-Aldrich), and then fixed in 4% paraformalde-
hyde (PFA) in 0.1 M phosphate buffer, pH 7.4, for 0.5–1 h. Some of the
retinas were sectioned serially at a thickness of 10 –12 �m using a cryo-
stat. Both whole-mounted retinas and cross sections were blocked in a
solution containing 3% normal goat serum (NGS), 1% bovine serum
albumin (BSA), and 0.3% Triton X-100 in PBS, pH 7.4, for 1 h. Primary
antibodies were from rabbit antibody to GFP (1:500, Invitrogen; catalog
#A11122, RRID: AB_10073917), rat anti-mouse CD68 (1:500; AbD Se-
rotec; catalog #MCA1957, RRID: AB_322219), and rabbit anti-red/green
opsin (1:500; Millipore Bioscience Research Reagents; catalog #AB5405,
RRID: AB_177456).

The primary antibodies were diluted with a blocking solution (1%
NGS, 1% BSA, and 0.1% Triton X-100 in PBS) and applied to sections or
whole-mounted retinas from overnight to 3 d at 4°C. After blocking and
rinsing, a secondary antibody conjugated to either Alexa 488 (1:500;
Invitrogen; catalog #A11008, RRID: AB_10563748) or Alexa 568 (1:500;
Invitrogen; catalog #A11077, RRID: AB_2313592) was applied to sec-
tions or whole-mounted retinas for 2 h at room temperature. In double-
labeling experiments using primary antibodies from different hosts,
primary antibodies were applied to sections or whole-mounted retinas
simultaneously and then visualized by application of appropriate sec-

ondary antibodies. Sections and whole-mounted retinas were rinsed and
coverslipped in Vectashield mounting medium (Vector Laboratories).

Confocal micrographs of fluorescent specimens from retinal flat-
mounted preparations and vertical sections were captured using a Zeiss
LSM 700 Meta Axioplan 2 laser scanning confocal microscope (Carl
Zeiss) equipped with argon and helium-neon lasers. Plan-Apochromat
63�/1.4 or 40�/1.4 oil-immersion objectives were used. Image scale was
calibrated, and if necessary, brightness and contrast were adjusted using
Photoshop CS3 software (Adobe Systems).

Terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling
assay. Terminal deoxynucleotidyl transferase biotin-dUTP nick end la-
beling (TUNEL) assay was conducted for detecting apoptotic photore-
ceptor cells. In brief, retina sections (10 –12 �m in thickness) were
digested by proteinase K at 37°C for 30 min, and then reacted with a
mixture of terminal deoxynucleotidyl transferase and biotin-dUTP
buffer (Millipore) at 37°C for 1 h. After terminating the reaction, the
biotin-labeled cleavage sites were visualized by reaction with Alexa
Fluor 568-conjugated Streptavidin (1:100; Invitrogen) in PBS for 2 h
at room temperature. After several washings with PBS, the slides were
mounted in Vectashield mounting medium with DAPI for counter
staining nuclei.

Electroretinographic analysis. Electroretinographs (ERGs) were re-
corded from both minocycline-treated rd10 mice and age-matched PBS-
treated rd10 controls, rd10/Cx3cr1�/GFP mice, and rd10/Cx3cr1GFP/GFP

mice, as well as Cx3cr1�/GFP, Cx3cr1GFP/GFP, and C57BL/6 mice with an
Espion ERG Diagnosys machine (Diagnosys). Mice were dark adapted
overnight and anesthetized intraperitoneally with a mixture of Dormitor
(1 mg/kg medetomidine hydrochloride; Pfizer) and ketamine before the
procedures. Pupils were dilated with 1% Mydriacyl (Alcon). The head of
the mouse was held in a standardized position in a Ganzfeld bowl illumi-
nator. Flash ERG was measured using a gold wire corneal electrode, a
forehead reference electrode, and a ground electrode near the tail. Sco-
topic, rod-mediated responses were obtained from dark-adapted ani-
mals at the following increasing light intensities: 0.01 and 3 cd-s/m 2.
Photopic, cone-mediated responses were performed following 10 min
light adaptation on the background light intensity of 30 cd/m 2. Record-
ings were obtained at the light intensity of 3 cd-s/m 2. Fifteen waveforms
from each animal were recorded and the values were averaged. The mea-
surement for the a- and b-waves was done in MATLAB (MathWorks).
The ERG a-wave amplitudes were measured from the baseline to the

Figure 1. Temporal course of photoreceptor apoptosis in rd10 retinas. Each retinal section is from the mid-peripheral region of
superior retina for this and the rest of the figures. A–C, To label the nuclear layers, we stained cell nuclei with DAPI (blue) at P16 (A),
P19 (B), and P22 (C). D, No TUNEL-positive photoreceptor cells (red) are observed in the ONL by P16. E, TUNEL-positive photore-
ceptor cells begin to appear in the ONL at P19. F, More TUNEL-positive photoreceptor cells are seen in the ONL at P22. OPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar, 20 �m.
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negative peak and the b-wave was measured from the trough of the
a-wave to the peak of the positive wave or, when the a-wave was not
present, from baseline to the peak of the first positive wave.

Optokinetic tracking. The methods were adapted from previous studies
(Iwakabe et al., 1997; Umino et al., 2008). This test measures the ten-
dency of an animal to follow with the head and eyes against the move-
ment of the surrounding environment. In practice, it was tested by
placing the animal on a platform positioned in the middle of an arena
created by a quad square of computer monitors. Vertical sine wave grat-
ings (100% contrast) written in MATLAB were projected on the com-
puter monitors. The spatial frequencies tested were 0.05, 0.075, 0.1, 0.2,
0.3, 0.4, 0.5, and 0.6 cycles per degree, at a constant speed of 12 degrees/s.
The image of eye movements was monitored by an infrared-sensitive
small camera.

Flow cytometry. Twenty-four hours after the final intraperitoneal in-
jection of minocycline or PBS, rd10 mice were anesthetized. Eyes were
rapidly removed, and retinas were dissected in an oxygenated Ames’
solution (Sigma-Aldrich). Retinas from seven mice in each group were
pooled together and minced, and then trypsinized for 30 min at 37°C.
After quenching and fixation, the cells were incubated with fluorescently
conjugated CD11b (1:250; BD PharMingen; catalog #557396, RRID:
AB_396679) and CD45 antibodies (1:250; BD PharMingen; catalog
#559864, RRID: AB_398672) in FACS buffer on ice for 2 h. Fluores-
cently labeled cell populations were separated using a Becton-
Dickinson FACSAria I Flow Sorter. Activated microglia were defined
as CD11b-positive/CD45-high, whereas resting microglia were
CD11b-positive/CD45-low.

ELISA measurement. ELISA for tumor ne-
crosis factor-� (TNF-�), COX-1, COX-2,
caspase-3/7 and Bax levels in retinas were
quantified using ELISA kits from PeproTech,
Cell Signaling Technology, and EIAab, respec-
tively, according to manufacturer’s instruc-
tions as previously described (Xiao et al., 2013).

Data analysis. For measurement of outer nu-
clear layer (ONL) thickness at P25, only verti-
cal sections passing through the optic nerve
head were analyzed by counting the number of
photoreceptor nuclei in the ONL. Three ver-
tical sections per eye were analyzed and mea-
surements were taken at 200 �m (central
region) and 1 mm (mid-peripheral region)
from the optic nerve on both sides. Quantifica-
tion of activated microglia was conducted in
retinal whole mounts, using a 40� objective
(NA 0.85). Sampling areas were four 240 � 240
�m squares along the dorsoventral axis of ret-
inal whole mounts per retina, at 200 �m (cen-
tral region) and 1 mm (mid-peripheral region)
from the optic nerve on both sides.

Statistical analyses. All data were expressed
as mean � SD. ANOVAs with Bonferroni’s
and Dunnett’s post hoc tests for multiple com-
parisons were performed with Origin (Origin-
Lab) and programs written in MATLAB
(MathWorks) on full datasets to detect signifi-
cant differences in the mean. A p value �0.05
was considered statistically significant.

Results
Association of microglia activation with
photoreceptor apoptosis in rd10 retinas
To identify the initiation of photoreceptor
cell apoptosis in rd10 retinas, we per-
formed TUNEL assay on retinal sections.
No TUNEL-positive photoreceptor nu-
clei were observed in rd10 retinas at P16
(Fig. 1A,D). TUNEL-positive photore-
ceptor nuclei were initially detected in the

ONL of the rd10 retina at P19 (Fig. 1B,E, arrows). At P22,
TUNEL-positive photoreceptor nuclei were detectable at all lev-
els of the ONL (arrows, Fig. 1C,F). On P30, only scattered
TUNEL-positive photoreceptor cells were observed. In contrast,
no TUNEL-positive photoreceptor nuclei were detected in WT
mouse retinas (data not shown).

During CNS inflammation, microglial cells are activated and
contribute to the pathological processes. To visualize and charac-
terize early microglia activation in rd10 retinas, we bred rd10 mice
with Cx3cr1GFP/GFP mice. Retinal sections and whole-mounted reti-
nas from WT Cx3cr1�/GFP mice and rd10/Cx3cr1�/GFP mice were
analyzed for GFP fluorescence. Microglia in WT Cx3cr1�/GFP

mouse retinas were exclusively localized in the inner and outer
plexiform layers and ganglion cell layer. The number and distri-
bution of microglia in the rd10/Cx3cr1�/GFP retina were compa-
rable to those in the control WT Cx3cr1�/GFP retinas at P13 (Fig.
2A). From P16 onward, activated microglia/macrophage were
observed to migrate into the inner portion of the ONL (Fig. 2B,
arrowheads), with an increasing microglia infiltration into the
entire ONL by P19 (Fig. 2C, arrowheads). To confirm the pres-
ence of microglia activation, we performed CD68 staining, a
marker for microglia activation, to label these activated microglia
in whole-mounted retinas of rd10/Cx3cr1�/GFP mice (Fig. 2D–I).
CD68 staining initially appeared at P16 (Fig. 2H), and became

Figure 2. The initiation of microglia activation and migration in rd10 retinas. In retinal sections (A–C), GFP-expressing micro-
glia are observed to migrate into the inner portion of the ONL at P16 (B, arrowheads), and infiltrate the entire ONL by P19 (C,
arrowheads). In retinal whole mounts (D–I ), GFP-expressing microglia in the OPL are observed to have a ramified morphology at
P13 (D). At P16, microglia begin to change their morphology by retracting their processes (E), and turn into an amoeboid shape
with few processes by P19 (F ). CD68 staining (G–I ), a marker for microglia activation, first appeared at P16 (H ) and became more
intense by P19 (I ). OPL, outer plexiform layer; IPL, inner plexiform layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bars:
A–C, 20 �m; D–I, 40 �m.
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intense by P19 (Fig. 2I). Microglia took
on a ramified appearance at P13 (Fig.
2A,D). Then, microglia gradually under-
went a morphological change into an
amoeboid shape with retracted processes
and increasing age (Fig. 2C,F).

Together, the retinal microglia were
activated and infiltrated the ONL at P16
(Fig. 2B,H), whereas photoreceptor apo-
ptosis started at P19 (Fig. 1B,E), indicat-
ing that microglia activation preceded the
initiation of photoreceptor apoptosis.
Our results were consistent with several
previous studies (Zeiss and Johnson,
2004; Zeng et al., 2005; Gehrig et al.,
2007), indicating that microglia activation
was an early alteration in the rd10 retina
and might potentially contribute to dis-
ease progression.

Minocycline treatment inhibits
microglia activation in rd10 retinas
To confirm the involvement of microglia
in photoreceptor apoptosis, we adminis-
tered minocycline into rd10 mice to sup-
press microglia activation. Minocycline,
which effectively crosses the blood– brain
barrier, has been reported to be an inhib-
itor of microglial activation in the brain
and retina (Wu et al., 2002; Shen et al.,
2011). Minocycline administration started
from P13, right before the initiation of
microglia activation, and continued until
the animals were killed. Control rd10 an-
imals received injections of PBS on the
same schedule. The majority of photore-
ceptors are degenerated by P25 in the rd10
retina (Gargini et al., 2007). Thus, we chose P25 as the end point
to examine the preservation of photoreceptor structure and func-
tion in rd10 mice following 12 d (P13 to P24) of minocycline
treatment. At P25, we found less intense CD68 immunoreactivity
in minocycline-treated rd10/Cx3cr1�/GFP retinas (Fig. 3B) when
compared with PBS-treated rd10/Cx3cr1�/GFP mice (Fig. 3E).
Microglia in minocycline-treated rd10/Cx3cr1�/GFP retinas
maintained a ramified appearance at P25 (Fig. 3A), while a sub-
stantial number of activated amoeboid microglial cells with re-
tracted processes and rounded cell bodies were observed in the
ONL of PBS-treated rd10/Cx3cr1�/GFP retinas (Fig. 3D, arrow-
heads). The percentage of CD68-positive microglia over total
microglial cells was significantly different between the two groups
(15.0 � 2.6% following minocycline treatment vs 94.1 � 8.7% in
PBS-treated controls, p � 0.01; Fig. 3G). In addition, we observed
fewer number of microglia infiltration to the ONL compared
with PBS-treated rd10/Cx3cr1�/GFP retinas at both P16 and P19
(Fig. 3H). Therefore, our data suggested that minocycline treat-
ment significantly reduced microglial activation in rd10 retinas.

Resting microglia expressed CD11b and a low level of CD45
(CD45 lo) when compared with those activated microglia, which
expressed CD11b-positive and CD45-high (CD45 hi). Activated
and resting microglia can thus be separated by two-color flow
cytometry based on relative levels of CD45 expression (Fig. 4A–
C). Flow cytometry analysis of the expression of CD45 confirmed
that the percentage of CD45 hi microglia over total retinal cells

was significantly lower in minocycline-treated rd10 mice than in
PBS-treated rd10 mice (0.307 � 0.005% following minocycline-
treatment vs 0.693 � 0.043% in controls, p � 0.01; Fig. 4D),
suggesting that minocycline treatment suppressed microglial
activation.

Minocycline treatment attenuates photoreceptor
degeneration
We investigated whether the inhibition of microglia activation
could slow down photoreceptor degeneration in rd10 retinas. We
observed that administration of minocycline delayed the onset of
photoreceptor apoptosis. No apoptotic photoreceptors were de-
tected in the ONL by P19 (Fig. 5A,D,B,E), the time when apo-
ptotic photoreceptors initially appeared in PBS-treated rd10
retinas (Figs. 1B,E, 5G). Compared with rd10 controls at P22
(Fig. 1C,F), the extent of photoreceptor apoptosis in the ONL
was substantially reduced in minocycline-treated rd10 retinas
(Fig. 5C,F), suggesting that minocycline treatment reduced pho-
toreceptor apoptosis.

The measurement of ONL thickness confirmed the results
obtained from TUNEL staining. Following minocycline treat-
ment from P13 to P24, the numbers of photoreceptor nuclei in
the ONL were counted in vertical sections at P25. Photoreceptor
degeneration in rd10 retina started from the central-to-
peripheral region. The study of rod and cone cell death thus
required observation in the same region of the retina between

Figure 3. Minocycline treatment reduces microglia activation and infiltration in rd10 retinas. A–C, At P25, microglia maintain
a ramified morphology in minocycline (Mino)-treated rd10 retinas (A), and CD68 staining is dramatically reduced (B). D–F, At P25,
microglia show an amoeboid morphology with few processes in PBS-treated rd10 retinas (D), and CD68 staining is intense and
widespread (E). G, The percentage of CD68-positive microglia over total microglial cells. H, Quantification of microglial cells that
migrated into the outer retina in PBS-treated and minocycline-treated animals at three time points before P25. Results are
presented as mean � SD; *p � 0.05, **p � 0.01, n � number of retinas in each group. Scale bar, 20 �m.

8142 • J. Neurosci., June 11, 2014 • 34(24):8139 – 8150 Peng et al. • The Role of Microglia in RP Retinas



groups. The regions in the superior retina that were located at 200
�m from the ONL were targeted for measurements (Fig. 6A–C).
Rd10 mice treated with minocycline had a significantly thicker
photoreceptor nuclear layer (10.3 � 2.4 rows, n � 7 retinas; Fig.
6D, red bar) when compared with the control rd10 eyes injected
with PBS (5.9 � 1.1 rows, n � 5 retinas; p � 0.01; Fig. 6D, black
bar). A similar phenomenon was observed in the peripheral ret-
ina (data not shown). The ONL thickness from WT C57BL/6
retinas (17.0 � 3.2 rows, n � 5 retinas; Fig. 6D, blue bar) was also
measured for comparison. These results showed that minocy-

cline treatment provided a significant
morphological preservation of rods
throughout the retina. In normal WT
C57BL/6 mice, administration of minocy-
cline did not affect ONL thickness (data
not shown).

In addition to the preservation of rods,
we also observed relatively preservation of
cone inner and outer segments in
minocycline-treated rd10 retinas. To bet-
ter characterize this protective effect on
cones, we stained vertical sections with
anti-red/green opsin antibody. At the age
of 25 d, cones in the rd10 retina showed
disrupted inner segments (ISs)/outer seg-
ments (OSs), which were not like the WT
(Fig. 6E,H). Although the length of the
OS/IS was shorter than that in the WT
C57BL/6 mice (p � 0.01; Fig. 6E,H,K), it
was significantly longer than that in the
saline-injected controls (p � 0.01; Fig.
6G, J,K). Therefore, minocycline pre-
served both rods and cone morphology in
rd10 retinas.

Minocycline treatment preserves
photoreceptor function
To assess whether minocycline treatment
preserved photoreceptor cell function and
visual behavior in rd10 mice, we per-
formed functional studies by measuring
scotopic and photopic ERGs and optomo-
tor responses at P25. Retinal function in
minocycline-treated rd10 eyes was mark-
edly better preserved with larger scotopic
and photopic ERG responses than in the
PBS-treated rd10 eyes at P25 (Fig. 7). Mi-

nocycline treatment partially prevented the reduction in scotopic
ERG a-wave amplitudes when compared with PBS-treated rd10
controls at two light intensities (p � 0.01; Fig. 7A,B,D,E). Com-
pared with those treated with PBS, rd10 mice treated with mino-
cycline also had greater mean amplitude of b-wave (p � 0.01; Fig.
7A,B,D,E). A similar trend was also observed for average latency
time (time to peak). The latency time for scotopic ERG a- and
b-waves in minocycline-treated rd10 mice was significantly
shorter than in PBS-injected rd10 controls (p � 0.01; Fig. 7G,H).

Figure 4. Quantification of activated microglial cells by flow cytometry analysis. A–C, Microglia analyzed by two-color flow cytometry displayed different patterns of CD11b and CD45 expression
in rd10 retinas treated with minocycline (Mino) treatment (B) and PBS (C). Retinas from WT mice at the same age are used as a comparison (A). CD45 expression is shown on the y-axis and CD11b
expression is shown on the x-axis. Region 2 shows the percentage of the subpopulation of CD11b �CD45 hi-activated microglia/macrophages. D, The percentages of activated microglia/macro-
phages over total retinal cells were quantified. Mean � SD; **p � 0.01.

Figure 5. Minocycline (Mino) treatment reduces photoreceptor apoptosis. The nuclear layers were stained with DAPI (A–C,
blue). No TUNEL-positive photoreceptor cells (red) are observed in the ONL at both P16 (D) and P19 (E). TUNEL-positive photore-
ceptor cells begin to appear in the ONL at P22 (F ). G, Quantification of TUNEL-positive photoreceptor cells in the ONL at three time
points. Note that the number of TUNEL-positive photoreceptor cells significantly decreased in minocycline-treated rd10 mice at
P19 and P22. Results are presented as mean � SD; **p � 0.01, n � number of retinas in each group. OPL, outer plexiform layer;
INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar, 20 �m.
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The scotopic ERG results indicated that minocycline provided
significant preservation of rod function.

Photopic ERG a-wave amplitudes were also preserved in
minocycline-treated rd10 animals (�9.82 � 1.07 �V in
minocycline-treated rd10 group vs �5.55 � 1.37 �V in PBS-
treated rd10 group; p � 0.05; Fig. 7C,F), while photopic b-waves
did not differ significantly between minocycline-treated and
saline-injected rd10 animals (66.54 � 4.59 �V in minocycline-
treated rd10 group vs 57.58 � 6.11 �V in PBS-treated rd10
group; p � 0.05; Fig. 7C,F). The average latency time for either
photopic ERG a-waves or photopic ERG b-waves did not differ in
the two groups (p � 0.05; Fig. 7I). The photopic ERG results
indicated that cone function of rd10 mice was significantly pre-
served by minocycline. While a significant functional improve-
ment was observed in minocycline-treated rd10 animals, the
scotopic and photopic ERGs were still substantially reduced
when compared with WT mouse eyes (Fig. 7, blue curves and
bars). These results indicated that minocycline exerted a partial
protective effect and did not fully arrest the course of disease.

By 30 d of age, the protective effect of minocycline on cone-
derived retinal function became prominent. Although dark-
adapted a-waves became undetectable in two groups of animals,
light-adapted responses differed significantly between minocycline-
and saline-injected rd10 groups (42.41 � 5.70 �V in
minocycline-treated rd10 group vs 25.06 � 3.98 �V in PBS-
treated rd10 group; p � 0.05; data not shown). However, average
latency time for photopic ERG b-waves was similar in the two
groups (p � 0.05; data not shown).

To evaluate visual acuities in minocycline-treated rd10 mice,
we measured the optokinetic response to moving gratings of
different spatial frequencies at 100% contrast. The optokinetic
response is an established simple and precise method for quanti-

fying mouse vision (Prusky et al., 2004). Optokinetic behavioral
analysis showed that light-adapted visual acuity in minocycline-
treated rd10 mice (red bar, n � 13) was significantly better than
that of PBS-treated rd10 eyes (n � 9, p � 0.05; Fig. 7J, black bar),
but was smaller than that in the WT mouse eyes (n � 7, p � 0.01;
Fig. 7J, blue bar).

Our data demonstrated that minocycline treatment preserved
the morphology and function of photoreceptors in rd10 retinas,
suggesting that the activation of microglia/macrophages was a major
contributing factor to the pathology of retinal degeneration.

Minocycline treatment downregulates pro-inflammatory
mediators and apoptosis
To understand the mechanism underlying the beneficial effects of
minocycline treatment, we determined the protein levels of pro-
inflammatory mediators produced by activated microglia using
ELISA. Since most of experimental end points were on P25, we
evaluated protein expression levels of pro-inflammatory media-
tors at this time point.

At P25, retinal protein levels of pro-inflammatory cytokine,
TNF-�, and COX-1 and COX-2 were significantly elevated in
saline-injected rd10 mice when compared with WT controls (Fig.
8A–C, black bars). Following minocycline treatment, we ob-
served a significant reduction in protein levels of TNF-�, COX-1,
and COX-2 (Fig. 8A–C, red bars), indicating that minocycline
treatment reduced pro-inflammatory molecule expressions.

At 25 d of age, the protein levels of the Bcl-2 family Bax and
caspase-3/7 in rd10 retinas were significantly higher when com-
pared with WT controls (Fig. 8D,E, black bars). Following 12 d of
minocycline treatment, we found that retinal protein levels of Bax
and caspase-3/7 were significantly reduced compared with PBS-
treated rd10 mice (Fig. 8D,E, red bars). These data suggested that

Figure 6. Morphological preservation of photoreceptors by minocycline (Mino) treatment. A–C, The thickness of the ONL in rd10 retinas is protected by minocycline treatment (B) from
progressive thinning as observed in the PBS-treated rd10 retina due to rod cell death (C). Retinas from WT mice at the same age are used as a comparison (A). D, Plot of the thickness of the ONL,
measured in numbers of photoreceptor nuclei per column. Results are presented as means � SD; n � number of retinas in each group, **p � 0.01. E–J, The OSs/ISs of cone photoreceptors revealed
by red/green opsins. In WT retinas, only OSs were positive for red/green opsins (R/G opsin; E, H ). In rd10 retinas, OSs/ISs were disrupted. The OS/ISs of cone photoreceptors in minocycline-treated
rd10 mice (F, I ) look better than those in PBS-treated rd10 mice (G, J ). K, Plot of the length of OSs/ISs. Results are presented as means � SD; n � number of retinas in each group, **p � 0.01. INL,
inner nuclear layer; GCL, ganglion cell layer. Scale bars: A–G, 20 �m; H–J, 10 �m.
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the protective effects of minocycline were mediated through its
anti-inflammatory and anti-apoptotic properties, leading to
preservation of structure and function of photoreceptors in rd10
mice.

COX inhibition provides significant protection of
photoreceptor function
Minocycline has been shown to reduce microglial activation and
improve neuronal survival in different models of neurodegenera-
tive disease (Yrjänheikki et al., 1998; Yong et al., 2004; Zhang et
al., 2004; Fan et al., 2007; Lazarini et al., 2012; Schafer et al., 2012).
We observed the same phenomenon in rd10 retinas. Addition-
ally, we found that minocycline could directly exert its neuropro-
tective effects. To further confirm that the suppression of
microglial activation was neuroprotective in rd10 retinas, we ap-
plied the COX-1-specific inhibitor SC-560 to suppress microglia
activation (Choi et al., 2008; García-Bueno et al., 2009; Griffin et
al., 2013). Because of its predominant expression in microglia,
COX-1 facilitates activation of microglia and supports neuroin-
flammatory processes in several models of neurodegenerative
disorders (García-Bueno et al., 2009; Griffin et al., 2013). We
found that SC-560 significantly reduced the expression of pro-

inflammatory cytokine TNF-� in rd10
retinas when compared with vehicle-
treated rd10 mice (Fig. 8F). Interestingly,
we found that SC-560 slightly downregu-
lated the expression of COX-2 protein
(Fig. 8G; p � 0.05). Meanwhile, the ex-
pression levels of BAX and caspase-3/7
were also reduced in SC-560-treated
rd10 mice compared with vehicle-treated
rd10 mice (Fig. 8H, I). Quantification of
the number of photoreceptor nuclei
within the ONL showed that the photore-
ceptors in SC-560-treated rd10 retinas
were significantly preserved (Fig. 8J; p �
0.05). Therefore, suppression of microglia
activation by SC-560 reduced the production
of microglia-derived pro-inflammatory fac-
tors, leading to the preservation of photo-
receptors and subsequent reduction of
BAX and caspase-3/7 production.

Effect of Cx3cr1 on microglial
activation in rd10 retinas
In the CNS, fractalkine (Cx3cl1) is pri-
marily expressed by neurons, whereas its
unique G-protein-coupled receptor (Cx3cr1)
is specifically expressed by microglia. It
has been suggested that Cx3cl1 is impor-
tant for microglial regulation and com-
munication between microglia and
neurons (Cardona et al., 2006). We thus
investigated whether Cx3cr1 receptor was
involved in regulating microglia activa-
tion in rd10 retinas. Previous studies have
shown that retinas do not exhibit struc-
tural differences in retinal lamination or
overall morphology and distribution of
microglia in the absence of Cx3cr1 signal-
ing in early adulthood (Liang et al., 2009).
Our ERG measurements confirmed the
morphological analysis. We showed that

scotopic and photopic ERG responses were indistinguishable be-
tween Cx3cr1GFP/GFP mice and Cx3cr1�/GFP mice (Fig. 9, blue
curves and bars), suggesting Cx3cr1 deletion did not affect retinal
structure and function during retina development.

We then studied whether Cx3cr1 deficiency affected microglia
response in rd10 retinas. To this end, we backcrossed Cx3cr1
knock-out mice (Cx3cr1GFP/GFP) into rd10 background and gen-
erated a new line of rd10/Cx3cr1GFP/GFP mice. At P25, scotopic
and photopic ERG a-wave amplitudes were virtually indistin-
guishable between rd10/Cx3cr1�/GFP and rd10/Cx3cr1GFP/GFP

mice (p � 0.05; Fig. 9, black curves and bars), indicating the
similar level of loss of functional rods in rd10 mice with or with-
out Cx3cr1 at P25. However, scotopic and photopic ERG b-wave
amplitudes were significantly smaller in rd10/Cx3cr1GFP/GFP mice
than in rd10/Cx3cr1�/GFP mice (Fig. 9, black curves and bars),
indicating that Cx3cr1 deficiency exaggerated cone photorecep-
tor degeneration in rd10 mice.

To correlate ERG results with morphological changes, we then
counted the number of ONL rows. There was a significant differ-
ence in the ONL thickness between rd10/Cx3cr1�/GFP and rd10/
Cx3cr1GFP/GFP mice at P25 (5.8 � 1.2 rows in rd10/Cx3cr1�/GFP

group vs 4.2 � 1.0 rows in rd10/Cx3cr1GFP/GFP group; n � 10; p �

Figure 7. Functional preservation of photoreceptors by minocycline (Mino) treatment. A, B, Representative scotopic ERG
responses to 0.01 and 3 cd-s/m 2 light intensities from rd10 mice at P25 treated with minocycline (red curve) or PBS (dark curve)
from P13 to P24. Scotopic ERG responses from C57BL/6 (blue curve) are shown as comparisons. D, E, Average scotopic a-wave and
b-wave amplitudes elicited at 0.01cd-s/m 2 (D) and 3 cd-s/m 2 (E) light intensities from normal C57 BL/6 (blue), minocycline-
treated (red), and PBS-treated (dark) rd10 eyes. Data are expressed as the mean � SD. C, Representative photopic ERGs elicited at
3 cd-s/m 2 light intensity from the same three groups of mice as scotopic recording. F, Averaged photopic a-wave and b-wave
amplitudes elicited at 3 cd-s/m 2 light intensity from normal C57 BL/6 (blue), minocycline-treated (red), and PBS-treated (dark)
rd10 eyes. G–I, Average latency time (time to peak) for scotopic ERG a-waves and b-waves at 0.01cd-s/m 2 (G) and 3 cd-s/m 2 (H )
light intensities, and for photopic ERG a-waves and b-waves at 3 cd-s/m 2 (I ). J, Photopic visual acuity measured by the optokinetic
response. Values are means and SDs. n � animal numbers; *p � 0.05 and **p � 0.01.

Peng et al. • The Role of Microglia in RP Retinas J. Neurosci., June 11, 2014 • 34(24):8139 – 8150 • 8145



0.05; Fig. 10A,C,F). In addition, the sig-
nificant difference in the ONL thickness
was detected at P19 as well (17.3 � 2.1
rows in rd10/Cx3cr1�/GFP group vs 11.2 �
1.7 rows in rd10/Cx3cr1GFP/GFP group;
n � 10; p � 0.01; Fig. 10F). Therefore,
Cx3cr1 deficiency caused more rod loss in
rd10 retinas. On the other hand, cone
density was found to be comparable
between rd10/Cx3cr1�/GFP and rd10/
Cx3cr1GFP/GFP mice at P25. However, cone
morphology was severely damaged in
rd10/Cx3cr1GFP/GFP mice. At P25, the IS of
cones was seen in rd10/Cx3cr1�/GFP mice
(Fig. 10B), while cones had flattened ISs
in rd10/Cx3cr1GFP/GFP mice (Fig. 10D).
Moreover, the red/green-opsins were ex-
pressed primarily in the OS of cones. The
cone axons and pedicles were positive for
red/green-opsins in rd10/Cx3cr1GFP/GFP

mice (Fig. 10D), while red/green-opsins
were restricted to the ISs of cones in rd10/
Cx3cr1�/GFP mice. The redistribution of
the red/green-opsins in cones is a sign of
damage to cone photoreceptors (Haverkamp et al., 2005; Lin et
al., 2009). The redistributions of the opsins in cones of rd10/
Cx3cr1GFP/GFP mice indicated the additional neurotoxic effect of
Cx3cr1 deficiency in cones.

To understand the mechanisms underlying the accelerated
photoreceptor degeneration in rd10/Cx3cr1GFP/GFP mice, we ex-
amined the state of microglial activation. We found that Cx3cr1
deletion led to increased numbers of microglia/macrophages in
the ONL when compared with rd10/Cx3cr1�/GFP mice at both
P16 and P19 (Fig. 10E), suggesting that Cx3cr1 deficiency dys-
regulated microglia activation in rd10 retinas. Therefore, the ad-
ditional neurotoxic effect of Cx3cr1 deficiency on photoreceptors
in rd10 retinas was probably associated with increased inflamma-
tory responses.

Furthermore, we tested whether Cx3cr1 deficiency affected
minocycline treatment. We treated rd10/Cx3cr1GFP/GFP mice
with minocycline or PBS for 12 d, starting from P13. We per-

formed functional studies by measuring scotopic and photopic
ERGs at P25. Compared with those treated with PBS,
minocycline-treated rd10/Cx3cr1GFP/GFP mice had greater mean
amplitudes of a- and b-waves under scotopic conditions (p �
0.01; Fig. 11A,B,D,E). A similar trend was also observed for av-
erage latency time for b-waves under scotopic conditions (p �
0.01; Fig. 11G,H). Under photopic condition, however, we found
that b-waves did not differ between minocycline-treated and
PBS-injected rd10/Cx3cr1GFP/GFP mice (p � 0.05; Fig. 11C,F),
whereas a-wave amplitudes were significantly smaller in PBS-
injected rd10/Cx3cr1GFP/GFP mice than in minocycline-injected
rd10/Cx3cr1GFP/GFP mice (p � 0.05; Fig. 11C,F). We did not
observe any change in average latency times for both a- and
b-waves under photopic condition (p � 0.05; Fig. 11I). There-
fore, minocycline treatment also delayed the progression of pho-
toreceptor degeneration in Cx3cr1-deficient rd10 retinas,
indicating that minocycline exerted its neuroprotective effects
through Cx3cr1-independent mechanisms.

Figure 8. Downregulation of pro-inflammatory cytokines and pro-apoptotic molecules by minocycline (Mino) treatment or by COX-1-specific inhibitor SC-560. The protein levels of these
molecules were assessed using ELISA. A–E, Results from minocycline treatment. Pro-inflammatory cytokine TNF-� (A), COX-1 (B), and COX-2 (C) are upregulated in rd10 retinas (black bars) and
downregulated following minocycline treatment (red bars). The similar trends were observed for pro-apoptotic molecules Bax (D) and caspase-3/7 (E). F–J, Results from SC-560 treatment.
Pro-inflammatory cytokines TNF-� (F ) and COX-2 (B) are downregulated following SC-560 treatment. The similar trends are observed in Bax (H ) and caspase-3/7 (I ). J, Plot of the thickness of the
ONL, measured in numbers of photoreceptor nuclei per column. Results are presented as means � SD; n � number of retinas in each group, *p � 0.05.

Figure 9. Cx3cr1 deficiency leads to additional loss of photoreceptor function in rd10 retinas. Cx3cr1 deletion did not affect
retinal function in WT retinas. Scotopic and photopic ERG responses are indistinguishable between Cx3cr1GFP/GFP mice and
Cx3cr1�/GFP mice (blue curves in A–C and bars in D–F ). Scotopic and photopic ERG a-wave amplitudes are virtually comparable
between rd10 mice with or without Cx3cr1 deletion (black curves and bars). However, scotopic and photopic ERG b-wave ampli-
tudes are significantly smaller in rd10 mice with Cx3cr1 deletion, compared with rd10 mice without Cx3cr1 deletion (black curves
in A–C and bars in D–F ). Values are means and SDs. n � animal numbers; *p � 0.05 and **p � 0.01.
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Discussion
The main finding of this study was that microglia activation
played pathological roles in the course of retinal degeneration in
the rd10 mouse model of RP and inhibition of microglia activa-
tion by minocycline protected photoreceptors against apoptosis.
First, we demonstrated that microglia activation was an early
alteration in the rd10 retina, potentially contributing to disease
progression. Second, suppression of microglia activation by mi-
nocycline and COX-1 specific inhibitor SC-560 resulted in reduc-
tion of both pro-inflammatory cytokines and pro-apoptotic
mediators, leading to significant structural and functional pres-
ervation in rd10 retinas. Third, we identified that minocycline
exerted its neuroprotective effects through both anti-apoptotic
and anti-inflammatory mechanisms. Finally, we found that
Cx3cr1 deficiency dysregulated microglia activation and subse-
quently increased photoreceptor vulnerability in rd10 mice, sug-
gesting Cx3cr1 might protect against microglial neurotoxicity.
Collectively, our data demonstrated that activated microglia con-
tributed to the severity of RP retinas. Therefore, modulating mi-

croglia activation could be a potential
treatment strategy aimed at improving
photoreceptor survival in human RP.

Microglia activation has been reported
to be an early event in the development of
retinal degeneration (Roque et al., 1996;
Gupta et al., 2003; Zeiss and Johnson,
2004; Zeng et al., 2005; Gehrig et al., 2007;
Sasahara et al., 2008; Ebert et al., 2009;
Zhou et al., 2011; Sheets et al., 2013; Yo-
shida et al., 2013a, b). Our data from rd10
retinas were in agreement with these pre-
vious reports. Microglia activation and in-
filtration in the subretinal space occurred
in rd10 mice at P16, whereas photorecep-
tor apoptosis started at P19, 3 d later. To
confirm whether microglia activation
contributed to the progression of photo-
receptor atrophy, we treated rd10 mice
with minocycline from P13, before the
initiation of microglia activation. Mino-
cycline has been widely used as an inhibi-
tor of microglial activation for different
CNS neurodegenerative diseases (Yrjän-
heikki et al., 1998; Yong et al., 2004; Zhang
et al., 2004; Fan et al., 2007; Lazarini et al.,
2012; Schafer et al., 2012). Indeed, we ob-
served that minocycline significantly
reduced microglia activation and infiltra-
tion to the ONL in the rd10 retinas. More-
over, minocycline treatment significantly
reduced TUNEL positivity and provided
significant morphological preservation of
photoreceptors throughout the retina.
ERG recordings and optomotor responses
further confirmed that minocycline treat-
ment provided functional photoreceptor
preservation in rd10 mice. These results
provided clear evidence for the involve-
ment of microglial activation in exacer-
bating photoreceptors’ death in rd10
retinas. Similarly, inhibition of microglial
activation using minocycline has been
demonstrated in other experimental

models of retinal degeneration caused by light (Kohno et al.,
2013), subretinal hemorrhage (Zhao et al., 2011), and genetic
impairments (rds mice; Hughes et al., 2004).

We identified that minocycline treatment exerted neuropro-
tective effects on photoreceptor apoptosis through two mecha-
nisms. The first mechanism was through direct anti-apoptotic
effect on photoreceptors. A previous study has reported that
some of the photoreceptors in the ONL of rd10 retinas express an
activated form of caspase-3 (Gargini et al., 2007). Similarly, the
increased activity of caspase-3 has also been reported in the rd1
mouse model of RP (Yoshizawa et al., 2002; Zeiss et al., 2004;
Sharma and Rohrer, 2007). Minocycline has previously been
shown to inhibit the caspase-3 activation (Chen et al., 2000;
Hughes et al., 2004) and the release of cytochrome c from the
mitochondria in mice (Zhu et al., 2002). In agreement with pre-
vious findings, we found that expression level of caspase-3/7
protein was significantly increased in rd10 retinas. Adminis-
tration of minocycline led to a significant reduction of
caspase-3/7 and Bax proteins in rd10 retinas when compared

Figure 10. Cx3cr1 deficiency dysregulates microglia activation and increases photoreceptor apoptosis in rd10 retinas.
A–D, Cx3cr1 deficiency caused more rod loss in rd10 retinas (C) than in rd10 retinas with Cx3cr1 (A). At P25, cone
photoreceptors in rd10/Cx3cr1�/GFP retinas maintain ISs (B), and the ISs of cone photoreceptors in rd10/Cx3cr1GFP/GFP

retinas become flattened, and redistribution of red/green opsins (R/G opsin) to cell bodies and cone axonal terminals occurs
in cones of rd10/Cx3cr1GFP/GFP retinas (D). E, Quantification of microglial cells that migrated into the ONL in vertical sections
of rd10 retinas with or without Cx3cr1 deficiency at P13, P16, and P19. F, The ONL thickness, measured by photoreceptor
layers, is significantly different between rd10 retinas with or without Cx3cr1 deficiency at both P19 and P25. Results are
presented as means � SD; n � number of retinas in each group, *p � 0.05 and **p � 0.01. INL, inner nuclear layer; GCL,
ganglion cell layer; Scale bar, 20 �m.
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with PBS-treated rd10 controls, which
might reflect its direct action on photore-
ceptor apoptosis. Since comparable
amounts of apoptotic photoreceptors
were still observed in minocycline-treated
rd10 retinas, we thus believed that its anti-
apoptotic effect might not be the primary
mechanism involved in our study.

The second mechanism was through
its anti-inflammatory effect. Previously, it
has been reported that minocycline re-
duces microglial activation and improves
neuronal survival in models of glaucoma,
subretinal hemorrhage, and rds mice
(Yang et al., 2007; Bosco et al., 2008; Zhao
et al., 2011). Similarly, minocycline has
been shown to prevent microglial activa-
tion against cerebral ischemia and Parkin-
son’s disease (Yrjänheikki et al., 1999; Wu
et al., 2002). Consistent with previous
findings, we also observed suppression of
microglia activation and reduction of pro-
inflammatory cytotoxic mediator TNF-�,
COX-1, and COX-2 in rd10 retinas fol-
lowing minocycline treatment.

Moreover, inhibition of microglial ac-
tivation using minocycline resulted from
the partial inhibition of COX-1 and
COX-2 induction, key enzymes involved
in the production of pro-inflammatory
prostanoids (García-Bueno et al., 2009;
Griffin et al., 2013; Jiang et al., 2013). The upregulation of COX-2
has been demonstrated in other chronic neurodegenerative dis-
eases, such as Parkinson’s disease (Teismann et al., 2003a,b; Choi
et al., 2009). Moreover, it has been shown that genetic deletion
or pharmacological inhibition of COX-2 increases survival of
dopaminergic neurons in animal models of Parkinson’s dis-
ease (Teismann et al., 2003a). Here we showed that COX-2
protein level was upregulated in rd10 retinas. After minocy-
cline treatment, we observed a significant reduction of COX-2
protein. COX-1 has been reported to facilitate neuroinflam-
matory processes in several models of neurodegenerative dis-
orders (García-Bueno et al., 2009; Griffin et al., 2013). Genetic
deletion or pharmacological inhibition of COX-1 attenuates
inflammatory response and neuronal damage (Choi et al.,
2008; Choi and Bosetti, 2009; García-Bueno et al., 2009; Grif-
fin et al., 2013). Minocycline treatment led to a significant
reduction of COX-1 protein in rd10 retinas. Therefore, mino-
cycline might partially inhibit COX-1 and COX-2 activation,
which led to the reduction of microglial-derived mediators
and survival of photoreceptors.

It has been proposed that Cx3cl1/Cx3cr1 signaling pathway
regulates the communication of microglia with neurons in the
nervous system (Harrison et al., 1998). However, the studies on
the Cx3cl1/Cx3cr1 pathway in neurological disorders produced
contrasting results. Cx3cr1 knock-out has been shown to either
increase (Meucci et al., 2000; Cardona et al., 2006) or decrease
(Fuhrmann et al., 2010) neurotoxicity in several models of the
CNS insult. We found that Cx3cr1 deficiency led to an increased
accumulation of activated microglia in the ONL and increased
photoreceptor vulnerability, which was confirmed by scotopic
and photopic ERGs (Fig. 9) and immunocytochemistry (Fig. 10).
Less ONL were observed in rd10 mice without Cx3cr1 than in

rd10 mice with Cx3cr1, suggesting Cx3cr1 deficiency caused ad-
ditional rod loss. However, similar a-wave amplitudes under sco-
topic conditions were observed in rd10 mice with or without
Cx3cr1 at P25 (Fig. 9). Given the fact that the majority of photo-
receptors degenerated by P25 in the rd10 retina (Gargini et al.,
2007), which largely contributed to the dramatic reduction in the
a-wave, it was not surprising that additional rod loss in Cx3cr1-
deficient rd10 mice did not cause any significant change in
a-wave amplitudes by P25. A significant drop in the ONL was
observed in rd10 mice without Cx3cr1 by P19 (Fig. 10F). After the
peak of rod death, the difference in the ONL thickness was nar-
rowed between rd10 mice with or without Cx3cr1 by P25 (Fig.
10F). Therefore, the loss of more ONL rows in rd10 mice without
Cx3cr1 by P25 did not cause any further significant reduction in
a-wave amplitudes. On the other hand, although Cx3cr1 defi-
ciency did not result in any cone loss in rd10 mice, it did exacer-
bate morphological changes and functional loss of cones.
Photopic ERG b-wave amplitudes were significantly smaller
when compared with rd10 without Cx3cr1 deficiency. The
Cx3cl1/Cx3cr1 signaling pathway appeared to restrain microglia
activation in rd10 retinas, and Cx3cr1 deficiency resulted in extra
microglia activation. The activated Cx3cr1-deficient microglia
had an additional neurotoxic effect on photoreceptor survival in
rd10 retinas.

In summary, our study provided strong support to the con-
cept that activated microglia were important contributors to the
overall apoptosis of photoreceptors in rd10 retinas. The suppres-
sion of microglia activation by minocycline or SC-560 reduced
microglia-mediated photoreceptor death. Our data suggested
that therapeutic interventions aimed at preventing the loss of
photoreceptor cells can be through the inhibition of microglia
activation.

Figure 11. Functional preservation of photoreceptors in Cx3cr1GFP/GFP mice following minocycline (Mino) treatment. A–B,
Representative scotopic ERG responses to 0.01 and 3 cd-s/m 2 light intensities from rd10 mice treated with minocycline (red curves)
or PBS (dark curves) from P13 to P24. D, E, Average scotopic a-wave and b-wave amplitudes elicited at 0.01 cd-s/m 2 (D) and 3
cd-s/m 2 (E) light intensities. C, Representative photopic ERG responses to 3 cd-s/m 2 light intensity. F, Averaged photopic a-wave
and b-wave amplitudes elicited at 3 cd-s/m 2 light intensity. G–I, Average latency time (time to peak) for scotopic ERG a-waves and
b-waves at 0.01 cd-s/m 2 (G) and 3 cd-s/m 2 (H ) light intensities, and for photopic ERG a-waves and b-waves at 3 cd-s/m 2 (I ). Data
are expressed as the mean � SD. n � animal numbers; **p � 0.01.
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Griffin ÉW, Skelly DT, Murray CL, Cunningham C (2013) Cyclooxygenase-1-
dependent prostaglandins mediate susceptibility to systemic inflammation-
induced acute cognitive dysfunction. J Neurosci 33:15248 –15258.
CrossRef Medline

Gupta N, Brown KE, Milam AH (2003) Activated microglia in human reti-
nitis pigmentosa, late-onset retinal degeneration, and age-related macu-
lar degeneration. Exp Eye Res 76:463– 471. CrossRef Medline

Hanisch UK, Kettenmann H (2007) Microglia: active sensor and versatile
effector cells in the normal and pathologic brain. Nat Neurosci 10:1387–
1394. CrossRef Medline

Harrison JK, Jiang Y, Chen S, Xia Y, Maciejewski D, McNamara RK, Streit WJ,
Salafranca MN, Adhikari S, Thompson DA, Botti P, Bacon KB, Feng L
(1998) Role for neuronally derived fractalkine in mediating interactions

between neurons and CX3CR1-expressing microglia. Proc Natl Acad Sci
U S A 95:10896 –10901. CrossRef Medline

Hartong DT, Berson EL, Dryja TP (2006) Retinitis pigmentosa. Lancet 368:
1795–1809. CrossRef Medline
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