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Molecular signaling from microglia
impacts macroglia autophagy
and neurons survival in glaucoma

Huan Yu,1,5 Huimin Zhong,2,5 Jun Sun,1 Na Li,1 Junjue Chen,1 Bingqiao Shen,1 Ping Huang,3,* Xi Shen,1,*

Shouyue Huang,1,* and Yisheng Zhong1,4,6,*

SUMMARY

Interactions between microglia and macroglia play important roles in the neuro-
degeneration of the central nervous system and so is the situation between
microglia and Müller cells in retina neurodegenerations like glaucoma. This study
focuses on the roles of microglia-derived osteopontin (OPN) in impacting Müller
cells and retinal ganglion cells (RGCs). Rat model and cell pressurization culture
were used to simulate glaucoma scenarios. Animals were differently treated
with anti-OPN, suppressors of OPN receptors (Itgavb3/CD44) or microglia inhib-
itor minocycline, while isolated retinal Müller cells were accordingly treated with
conditioned media from microglia culture pretreated with pressuring, overex-
pression-OPN, SiR-OPN, or minocycline. SB203580 was introduced to explore
the role of p38 MAPK signaling pathway. Results revealed microglia may secret
OPN to impact Müller cells’ autophagy and RGCs survival via binding to It-
gavb3/CD44 receptors in glaucomatous neurodegeneration with involvement
of p38MAPK pathway. This discovery may benefit understanding neurodegener-
ative disorders and exploring therapeutics.

INTRODUCTION

It is acknowledged that microglia and macroglia exert pivotal impacts on neurons in the central nervous

system (CNS) under both heathy and disease conditions.1–3 Research focusing on the interaction between

microglia and macroglia in the context of neurodegeneration has found that this signaling communication

plays a critical role in regulating the overall pathophysiologic process, where the dynamic alterations

directly influence the glia response, yielding either protective or detrimental results toward neurons.4–6

The interaction is reciprocal, establishing crosstalk between glia and neurons. This provides a promising

target for neuromodulation in treating neurodegenerative disorders.

Glaucoma describes a group of diseases that are characterized by progressive optic nerve degeneration. It

is currently the leading cause of irreversible blindness worldwide. Recent reports have indicated that neu-

roinflammation and autophagy are two key factors in glaucoma’s neurodegenerative pathological process,

where microglia and macroglia are deeply involved.7–10 However, the underlying pathogenesis has not

been fully elucidated thus far.

Autophagy is a unique life phenomenon of eukaryotic cells, playing important roles in cell growth, devel-

opment, and aging. It primarily acts to maintain cellular homeostasis under exposure to internal and

external stimuli by removing or transforming abnormal proteins, damaged organelles, and other needless

substances in cells via lysosome.11 Being a programmed cell death procedure, it behaves as an essential

cyclic pathway in neurodegenerative diseases with neuroglia heavily involved.12–14

Müller cell is the most abundant macroglia among the various types of neuroglia in the retina. Müller cells

are surrounded by orderly arranged neurons, extending from the ganglion cell layer (GCL) to the photore-

ceptor inner segment area. Located in a crucial anatomical site, Müller cells may greatly impact basic phys-

iological and pathological conditions.15 Previous studies have shown that the autophagy of Müller cells is

involved in the pathophysiological process of certain ophthalmological diseases, which appear to be

strongly linked to neuronal degeneration and survival.13,16 How autophagy of Müller cells takes part in
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glaucomatous neurodegeneration remains relatively unexplored. We first hypothesized the loss of retinal

ganglion cells (RGCs) and the impairment of visual function in glaucoma could be partly attributed to the

alteration of Müller cells’ autophagic activity. This led to our investigation into the role of Müller cell auto-

phagy in glaucoma in the context of glia interaction, in hopes of understanding the detailedmechanisms of

glaucoma pathogenesis to facilitate further studies of therapeutic strategies for glaucoma treatment.

Among the acknowledged autophagy-related proteins, osteopontin (OPN) is a pro-inflammatory cytokine

that is secreted and distributed across a wide range of tissues and cells.17–20 As a key factor in tissue repair-

ing and extracellular matrix remodeling after injury, OPN has been reported to participate in the patho-

physiological processes of several common neurodegenerative diseases and is closely involved in the

regulation of autophagy and the consequent impact on neurons.21 In the context of eye neurodegenerative

disease, OPNwas found to be secreted by activatedmicroglia in experimental glaucoma.22 Such activation

of innate immune response in different glial cells is also an important mechanism that leads to neuronal

damage.23 Therefore, whether and how the OPN secreted by microglia will affect the autophagy of Müller

cells in glaucomatous neurodegeneration, thereby impact the occurrence and development of degenera-

tive neuropathy, has become a question of our concern.

In this study, we investigated the potential molecular signaling roles of OPN in the interaction between

retinal microglia and Müller cells. This then forms the basis for understanding the autophagic activity alter-

ation of Müller cells in experimental glaucoma and its related regulatory mechanisms. Insights into micro-

glia-macroglia crosstalk along with the reciprocal involvement of autophagy in a neurodegenerative

context will benefit the exploration of relevant therapeutic strategies targeting neurodegeneration.

RESULTS

OPN overexpression is accompanied by OPN receptors upregulation and autophagy

suppression in retinal Müller cells of COH rats

In our previous study, activation and proliferation of microglia along with microglia-derived OPN overex-

pression were observed in the retina following the induction of COH.22 To further investigate whether and

how the microglia-derivedOPN plays a signaling role in the autophagic process of Müller cells, in this study

we first evaluated the change in retinal OPN level as well as expressions of its receptors and alteration of

autophagic activity in retinal Müller cells of COH rats.

OPN secretion levels in the retina just before and 2, 4, and 8 weeks after COH induction were analyzed us-

ing ELISA. Results showed that OPN secretion gradually increased as COH maintenance time prolonged,

reaching the maximum level after 4 weeks, and began to decrease slightly thereafter (p < 0.05) (Figure 1B).

The protein and mRNA extracts of rat retina were analyzed with Western blot and RT-PCR to evaluate the

expressions of OPN receptors (CD44, Itgavb3) and alteration of autophagy activity in the form of related

indicators (ATG12, Beclin 1, ATG 5, LC3, and P62) under COH condition. Compared to the control group,

the protein expressions of CD44 and Itgavb3 in the retina gradually increased as COH maintenance time

prolonged (p < 0.05) (Figure 1C). Gradual increase in mRNA expression of the receptors was also detected

following the induction of COH (p < 0.05) (Figure 1D). The autophagy-related proteins (ATG12, Beclin 1,

ATG 5, and LC3-II/LC3-I) started to gradually decrease 2 weeks after COH induction, while autophagy sub-

strate P62 increased in parallel (p < 0.05) (Figure 1C). The trend of mRNA expressions is basically consistent

with that of proteins (Figure 1D), indicating a certain degree of autophagy suppression.

Immunofluorescence was then employed for a more intuitive elucidation of the relationship between OPN

receptors in Müller cells, autophagy-related indicators, and the number of RGCs. RGCs are tightly sur-

rounded by Müller cells. Rising CD44/Itgavb3 signals, decreasing LC3B signals, and increasing P62 signals

in retinal Müller cells along with decreasing RGCs number were observed in COH 4 weeks group when

compared with the control group (Figure 1E). In addition, the subcellular structure of the retina was

analyzed with a transmission electron microscope. Results showed the number of autophagolysosomes

in Müller cells decreased significantly in COH 4 weeks group compared with the control group (p < 0.05)

(Figure 1F). To further understand the relationship between autophagy in Müller cells and RGCs survival

under glaucoma condition, we also assessed the loss of RGCs induced by COH paralleling the above al-

terations. Retrograde labeling of RGCs showed that the number of surviving RGCs in the group of COH

4 weeks was significantly reduced compared with the sham-operation group (Figure 1G).
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Figure 1. COH induced expression changes in OPN, Itgavb3, CD44, P62, Atg12, Beclin 1, Atg5, and LC3 and loss of RGCs

(A) Changes in intraocular pressure (IOP) in rats of control (average, 11.87 G 2.55 mmHg), sham (average, 12.08 G 2.62 mmHg), COH 2 weeks (average,

36.60 G 6.88 mmHg), COH 4 weeks (average, 32.27 G 8.81 mmHg), COH 8 weeks (average, 25.33 G 7.31 mmHg) (n = 15, Bars represent mean G SD).

(B) ELISA analysis of OPN secretion in rat retina 0, 2, 4, and 8 weeks after COH induction (n = 3).

(C) Protein expressions of Itgavb3, CD44, P62, Atg12, Beclin 1, Atg5, and LC3 in rat retina 0, 2, 4, and 8 weeks after COH induction (n = 3).

(D) mRNA expressions of Itgavb3, CD44, P62, Atg12, Beclin 1, Atg5, and LC3 in rat retina 0, 2, 4, and 8 weeks after COH induction (n = 6).

Bars indicate mean, while error bars show standard deviation.

(E) Triple-labeling of RGCs, GS (specific marker for Müller cells), and Itgavb3, CD44, P62, or LC3B in COH retina compared to Sham-operation.

Representative images depict the immunohistochemistry for ItgaVb3, CD44, P62, or LC3B (red), GS (green), RGCs(gold), and DAPI (blue). (magnification 200,

scale bar = 100 mm).

(F) Representative electron micrographs of autophagic vesicles in the retina of sham-operation and COH 4 weeks rat. (magnification 20000, scale bar = 500 nm).

(G) Retrograde labeling of RGCs with Fluoro-Gold (magnification 200, scale bar = 50 mm) and quantitative analysis of RGCs counting in retina of Sham-

operation and COH groups (n = 6).

(H) Protein expressions of P62, Atg12, Beclin 1, Atg5 and LC3 in Müller cells treated with pressure culture for 0, 2, 4, and 8 h (n = 3). Data are represented as

the mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the control group.
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Figure 2. Changes of P62, Atg12, Beclin 1, Atg5 and LC3 expressions in Müller cells treated with OPN

(A) Protein expressions of P62, Atg12, Beclin 1, Atg5, and LC3 in Müller cells treated with OPN for 0, 12, 24, and 48 h (n = 3).

(B) mRNA expressions of P62, Atg12, Beclin 1, Atg5, and LC3 in Müller cells treated with OPN for 0, 12, 24, and 48 h (n = 6). Bars indicate mean, while error

bars show standard deviation.
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The results indicated that the expressions of OPN receptors increased while the autophagic activity was

suppressed in retinal Müller cells following the duration of experimental glaucoma, accompanied by a sig-

nificant loss of RGCs.

Upon the discovery that autophagy levels in Müller cells were reduced in the COHmodel, we cultured Müller

cells under extra pressure in vitro and evaluated the corresponding indicators in our preliminary study. How-

ever, the results did not show any significant alteration in autophagic activity (Figure 1H). We hypothesized that

this inconsistency may be attributed to certain pathophysiological factors of the internal environment of our

COH model, which is far more complicated than the condition in pressurized culture media. Considering

our findings in previous research22 wheremicroglia are activated to secreteOPN in the sameCOHmodel, sup-

ported by reports from other researchers highlighting that OPN level closely correlates with autophagic activ-

ity in neurodegenerative disease,21 we set our sights on the potential relationship between OPN secreted by

activated microglia and autophagy in Müller cells under experimental glaucoma condition. We speculated

that OPN could downregulate the autophagy activity in Müller cells by binding to OPN receptors on their sur-

faces and that this process is probably involved in the paralleling lesion of RGCs in experimental glaucoma.

The effect of exogenous OPN on autophagy activity in retinal Müller cells under normal

conditions (in vitro & in vivo)

Exogenous OPN downregulated autophagy activity in primary Müller cells

To assess the effects of OPN on the autophagy activity in Müller cells, Müller cells were isolated from rat

retinas and cultured in vitro, then treated with OPN (6.25 mg/mL) for 0, 12, 24, and 48 h to be observed.

The results of Western blot showed that the level of autophagy-related proteins (ATG12, Beclin 1, ATG 5,

and LC3) gradually decreased as the time of OPN treatment increased, while the autophagy substrate P62

gradually accumulated (p < 0.05) (Figure 2A). The trend of mRNAs level changes was consistent with that of

proteins correspondingly (p < 0.05) (Figure 2B), indicating that the autophagy level in Müller cells gradually

decreased along with the OPN treatment time. In addition, immunofluorescence staining was used to label

the LC3 in Müller cells to further demonstrate the changes in autophagy level. The results of immunofluo-

rescence showed that the fluorescence intensity of LC3B in Müller cells gradually weakened as the time of

OPN treatment increased (Figure 2C). To assess the variation of autophagic flux, Müller cells were tran-

siently transfected with a plasmid harboring a tandem fluorescent mRFP-GFP-LC3 (tfLC3). GFP degrades

in an acidic environment while RFP does not. Thus, yellow spots (formed out of the overlap between red

and green) indicate autophagosomes, while red spots indicate autophagic lysosomes. The reduction of

yellow spots indicates damage of autophagic flux at the early stage, and if there is damage at the late stage

of autophagic flux, only a reduction of red spots will be observed.

The results showed that with the increase of OPN treatment time, the yellow spots and red spots in Müller

cells both gradually decreased (p < 0.05) (Figure 2D), indicating that the autophagy flux was damaged at

the early stage. Consistently, the results of electron microscopy showed that the amount of autophagoly-

sosome decreased gradually following OPN treatment (p < 0.05) (Figure 2E).

Intravitreal injection of OPN downregulated autophagy activity in retinal Müller cells in normal rats

Subsequently, to verify the results in vivo, intravitreal injection of OPN (500 ng/ml) was performed on

normal-IOP rats and changes in autophagy activity in the retina were evaluated. Results of qRT-PCR and

Figure 2. Continued

(C) Double-labeling of GS and LC3B in Müller cells treated with OPN. Representative images depict the immunohistochemistry for LC3B (red), GS (green),

and DAPI (blue). magnification 200, scale bar = 100 mm.

(D) Representative images of Müller cells infected with adenovirus harboringmRFP-GFP-LC3 (magnification 400, scale bar = 20 mm), and quantitative analysis

of LC3 puncta in Müller cells.

(E) Representative electron micrographs of autophagic vesicles in Müller cells treated with OPN. The blue arrows point to the autophagolysosome

(magnification 30000, scale bar = 500 nm).

(F) Changes in IOP in rats of control (average, 11.67 G 3.04 mmHg), control+PBS (average, 10.78 G 3.85 mmHg), control+OPN (average, 11.44 G

3.28 mmHg) (n = 9, Bars represent mean G SD).

(G) Western blot analysis and densitometry quantification of P62, Atg12, Beclin 1, Atg5, and LC3 in control, sham-operation, and OPN intravitreally injected

groups (n = 3).

(H) qRT-PCR analysis of P62, Atg12, Beclin 1, Atg5, and LC3 in control, sham-operation, and OPN intravitreally injected groups (n = 6). Data are represented

as the mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the control group.
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Western blot showed that compared with the control group, the level of autophagy activity in the OPN

treatment group significantly decreased (p < 0.05) (Figures 2G and 2H), indicating that OPN probably sup-

presses autophagy activity in retinal Müller cells in vivo in combination with the above results in vitro.

The effect of microglia-derived OPN on autophagy in Müller cells in experimental glaucoma

(in vivo & in vitro)

Intravitreal injection of Anti-OPN and OPN receptor suppressors enhanced autophagy activity in
retinal Müller cells and RGCs survival in COH rats

To verify the effects of OPN on retinal autophagy in vivo, neutralization of OPN and suppression of OPN

receptors were introduced for comparison. Anti-OPN (50 mM), Anti-CD44 (280 mg/ml), or selective inhibitor

of ItgaVb3 cyclo RGDyk (cRGDyk, 20 nM) was injected intravitreally before and every other week after COH

induction for 4 weeks. The changes of autophagy activity were evaluated after blocking OPN directly or

indirectly as mentioned above. In addition, we also observed the survival of RGCs after drug interventions

to explore whether the alteration of autophagy in Müller cells was involved in the pathogenesis of glau-

coma neuropathy. It was found that, in comparison with the solvent group, the autophagy-related product

proteins and mRNAs levels significantly increased, and the autophagy substrate P62 significantly

decreased in the three groups that received the intervention of OPN neutralization or OPN receptors sup-

pression, respectively (p < 0.05) (Figures 3C, 3D, 4B, 4C, 4F, and 4G).

The results of electron microscopy showed a consistent tendency that the number of autophagolysosome

in Müller cells significantly increased in the three groups treated with Anti-OPN, Anti-CD44 or cRGDyk

respectively in comparison with the control (p < 0.05) (Figures 3E, 4D, and 4H). The retrograde labeling

of RGCs showed that compared with the control group, the RGCs survival was significantly enhanced in

COH rats treated with either OPN neutralization or OPN receptors suppression (p < 0.05) (Figures 3F,

4E, and 4J). The above results indicated significant and synchronous improvement of autophagy activity

in retinal Müller cells and RGCs survival in COH rats by blocking the effect of OPN.

Intravitreal injection of minocycline enhanced autophagy activity in Müller cells and RGCs survival
in COH rats

To verify the role of microglia-derived OPN in regulating retinal autophagy in vivo, rats were intravitreally

injected with a specific microglia inhibitor, minocycline, before and every other week after COH induction

for 4 weeks. The changes in OPN level, autophagy activity and RGCs survival were then observed after mi-

croglia inactivation. It was found that the expressions of Iba-1, CD11b, CD68, OPN were significantly

reduced at both protein and mRNA levels in the group treated with minocycline in comparison with the

solvent group (p < 0.05), indicating that minocycline effectively inhibited the proliferation and activation

of microglia, and as a result probably led to downregulation of microglia-derived OPN secretion in COH

rats (Figures 5A and 5B).

Simultaneously, the expressions of autophagy-related product increased, and the autophagy substrate P62

decreased at both protein andmRNA levels in COH rats treated with minocycline (p < 0.05) (Figures 5C and

5D). The results of electron microscopy showed that autophagolysosome in Müller cells increased signifi-

cantly in COH rats treated with minocycline in comparison with the control (p < 0.05) (Figure 5E). And

compared with the PBS group, retrograde labeling presented significant preservation of RGCs in the min-

ocycline groups (p < 0.05) (Figure 5F), indicating that inhibiting the activation of microglia could signifi-

cantly reduce the secretion of microglia-derived OPN, increase the level of autophagy activity in retinal

Müller cells, and synchronously reduce the loss of RGCs under experimental glaucoma.

Microglia-derivedOPN negatively regulates autophagy activity in primary retinal Müller cells

treated with various conditioned culture medium

According to our previous study, release of OPN by microglia can be triggered by pressure stimulus both

in vivo and in vitro, thus in this section, we focused on whether the discrepancy of OPN levels in precondi-

tioned media from microglia cultures under various interventions would impact the autophagic activity in

primary retinal Müller cells in vitro.

The autophagy activity in isolated primary retinal Müller cells was evaluated after being treated with four

different conditioned media from microglia cultures under distinct interventions as following with
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Figure 3. Intravitreally injected Anti-OPN on autophagy of Müller cells in COH rats

(A) Changes in IOP in rats of COH 4 weeks (average, 33.56 G 6.38 mmHg), COH 4 weeks+ PBS (average, 32.89 G 5.92 mmHg), COH 4 weeks+ DMSO

(average, 33.78 G 7.54 mmHg), COH 4 weeks + Anti-OPN (average, 31.11 G 7.32 mmHg), COH 4 weeks + Anti-CD44 (average, 32.09 G 7.04 mmHg), COH

4 weeks + cRGDyk (average, 31.78 G 6.67 mmHg), COH 4 weeks + minocycline (average, 32.11 G 7.15 mmHg) (n = 9, Bars represent mean G SD).

(B) Western blot analysis and densitometry quantification of OPN in COH, PBS, or Anti-OPN intravitreally injected groups (n = 3).

(C) Western blot analysis and densitometry quantification of P62, Atg12, Beclin 1, Atg5, and LC3 in COH, PBS, or Anti-OPN intravitreally injected groups (n = 3).

(D) qRT-PCR analysis of P62, Atg12, Beclin 1, Atg5, and LC3 in COH, PBS, or Anti-OPN intravitreally injected groups (n = 6).

(E) Representative electronmicrographs of autophagic vesicles in retina of PBSorAnti-OPN intravitreally injectedgroups (magnification 20000, scalebar = 500 nm).

(F) Retrograde labeling of RGCs with Fluoro-Gold (magnification 200, scale bar = 50 mm) and quantitative analysis of RGCs counting in retina of PBS or Anti-

OPN intravitreally injected groups (n = 6). Data are represented as the mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the control

group.
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Figure 4. Intravitreally injected inhibitors of OPN receptors (Anti-CD44 or cRGDyk) on autophagy of Müller cells in COH rats

(A–F) Western blot analysis and densitometry quantification of CD44 or ItgaVb3 in COH, solvent, Anti-CD44, or cRGDyk intravitreally injected groups (n = 3).

(B–G) Western blot analysis and densitometry quantification of P62, Atg12, Beclin 1, Atg5, and LC3 in COH, solvent, Anti-CD44, or cRGDyk intravitreally

injected groups (n = 3).

(C–H) qRT-PCR analysis of P62, Atg12, Beclin 1, Atg5, and LC3 in COH, solvent, Anti-CD44, or cRGDyk intravitreally injected groups (n = 6).

(D–I) Representative electron micrographs of autophagic vesicles in retina of solvent, Anti-CD44, or cRGDyk intravitreally injected groups (magnification

20000, scale bar = 500 nm).

(E–J) Retrograde labeling of RGCs with Fluoro-Gold (magnification 200, scale bar = 50 mm) and quantitative analysis of RGCs counting in retina of solvent,

Anti-CD44, or cRGDyk intravitreally injected groups. Data are represented as the mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the

control group.
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Figure 5. Intravitreally injected minocycline on autophagy of Müller cells in COH rats

(A) Western blot analysis and densitometry quantification of CD11b, CD68, Iba-1, and OPN in COH, PBS, or minocycline intravitreally injected groups (n = 3).

(B) qRT-PCR analysis of CD11b, CD68, Iba-1, and OPN in COH, PBS or minocycline intravitreally injected groups (n = 6).

(C) Western blot analysis and densitometry quantification of P62, Atg12, Beclin 1, Atg5, and LC3 in COH, PBS, or minocycline intravitreally injected groups

(n = 3).

(D) qRT-PCR analysis of P62, Atg12, Beclin 1, Atg5, and LC3 in COH, PBS, or minocycline intravitreally injected groups (n = 6).
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respective controls: 1) microglia pretreated with oe-OPN plasmids (oe-OPN vector as control), 2) microglia

cultured under pressure (non-pressure as control), 3) microglia transfected with SiR-OPN plasmids then

cultured under pressure (SiR-NC then cultured under pressure as control), 4) microglia inactivated by min-

ocycline then cultured under pressure (pretreatment with PBS then cultured under pressure as control).

Compared to the vector control, the OPN content in the culture medium of microglia and the cells per se

that were pretreated with oe-OPN plasmids significantly increased according to RT-PCR and ELISA tests

(p < 0.05) (Figures 6A and 6B). Western blot and RT-PCR showed that the expressions of autophagy-related

proteins (ATG12, Beclin 1, ATG 5, and LC3-II/LC3-I) decreased significantly, while autophagy substrate P62

increased obviously in Müller cells treated with this conditioned medium (p < 0.05) (Figures 6C and 6D).

Consistently, the adenovirus transfection assay of tandem fluorescence probe showed a decrease of yellow

and red dots (p < 0.05), (Figure 6E), while electron microscopy showed a significant reduction of autopha-

golysosome number in Müller cells treated with this conditioned medium, indicating lesion of autophagy

flux at the early stage in Müller cells exposed to overexpressed microglia-derived OPN (p < 0.05)

(Figure 6F).

Compared to the non-pressurized control, the OPN content in the culture medium of microglia pressurized

for 2, 4, and 8 h gradually increased, reaching peak after 4 h before decline (p < 0.05) (Figure 6G). Thus 4 h

was chosen as the time point of pressurization duration for microglia culture in subsequent experiments.

After being treated with conditioned medium from pressurized microglia culture, the expressions of auto-

phagy-related proteins (ATG12, Beclin 1, ATG 5, and LC3-II/LC3-I) decreased significantly, while the auto-

phagy substrate P62 accumulated markedly in Müller cells (p < 0.05) (Figures 6H and 6I). Meanwhile, there

was less accumulation of LC3 positive dots (p < 0.05) (Figure 6J), and fewer autolysosomes (p < 0.05) (Fig-

ure 6K) in Müller cells treated with conditioned medium from pressurized microglia culture, indicating

lesioned autophagy flux in Müller cells exposed to upregulated microglia-derived OPN in association

with pressure stimulus.

Compared to the SiR-NC control, the OPN content in the culture medium of microglia transfected with SiR-

OPN plasmids and then pressurized decreased significantly (p < 0.05) (Figure 7A). After being treated with

conditioned medium from pressurized microglia culture that pretreated with SiR-OPN plasmids, the ex-

pressions of autophagy-related proteins (ATG12, Beclin 1, ATG 5, and LC3-II/LC3-I) increased significantly,

while the autophagy substrate P62 decreasedmarkedly in Müller cells (p < 0.05) (Figures 7B and 7C). Mean-

while, there was an increased accumulation of LC3 positive dots (p < 0.05) (Figure 7D), and more amount of

autolysosomes (p < 0.05) (Figure 7E) in Müller cells treated with this conditioned medium, indicating

improvement of autophagy flux in Müller cells probably attributed to downregulation of microglia-derived

OPN after gene silence.

Compared to the PBS pretreatment control, the OPN content in the culture medium of microglia pre-

treated with minocycline and then pressurized decreased significantly (p < 0.05) (Figure 7F). After treated

with conditioned medium from pressurized microglia culture that was pretreated with minocycline, the ex-

pressions of autophagy-related proteins (ATG12, Beclin 1, ATG 5, and LC3-II/LC3-I) increased significantly,

while the autophagy substrate P62 decreased markedly in Müller cells (p < 0.05) (Figure 7G and H). Mean-

while, there was increased accumulation of LC3 positive dots (p < 0.05) (Figure 7I), and more amount of

autolysosomes (p < 0.05) (Figure 7J) in Müller cells treated with this conditioned medium, indicating

improvement of autophagy flux in Müller cells probably attributed to downregulation of microglia-derived

OPN after inactivation of microglia.

Overall, results of test 1) and test 2) demonstrated that the autophagy activity in retinal Müller cells was

reduced at a higher level of microglia-derived OPN due to pressurization or gene overexpression, while

results of test 3) and test 4) demonstrated that opposite results occurred at a lower level of microglia-

derived OPN due to gene silence or microglia inactivation.

Figure 5. Continued

(E) Representative electronmicrographs of autophagic vesicles in retina of PBS orminocycline intravitreally injected groups (magnification 20000, scale bar =

500 nm).

(F) Retrograde labeling of RGCs with Fluoro-Gold (magnification 200, scale bar = 50 mm) and quantitative analysis of RGCs counting in retina of PBS or

minocycline intravitreally injected groups. Data are represented as the mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the control

group.
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Figure 6. The effects of microglial conditioned culture medium with different treatments (oe-OPN or pressure) on autophagy of Müller cells

(A) qRT-PCR analysis of OPN in microglia treated with vector and oe-OPN (n = 6).

(B–G) The effects of oe-OPN or pressure on release of OPN in microglia (n = 3).

(C–H) Western blot analysis and densitometry quantification of P62, Atg12, Beclin 1, Atg5, and LC3B in Müller cells cultured with different microglial

conditioned medium (n = 3).

(D–I) qRT-PCR analysis of P62, Atg12, Beclin 1, Atg5, and LC3B in Müller cells cultured with different microglial conditioned medium (n = 6).

(E–J) Representative images of Müller cells cultured with different microglial conditioned medium and infected with adenovirus harboring mRFP-GFP-LC3

(magnification 400, scale bar = 20 mm), and quantitative analysis of LC3 puncta in Müller cells (n = 6).

(F–K) Representative electron micrographs and quantitative analysis of autophagic vesicles in Müller cells treated with different microglial conditioned

medium. The blue arrows point to lysosome (magnification 30000, scale bar = 500 nm). Data are represented as the meanG SD. *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001 versus the control group.

ll
OPEN ACCESS

iScience 26, 106839, June 16, 2023 11

iScience
Article



Inhibition of p38 MAPK pathway negatively regulated the effects of microglia-derived OPN

on autophagy in retinal Müller cells in experimental glaucoma (in vitro and in vivo)

Results reported by previous studies have shown that OPN could inhibit autophagy through the p38 MAPK

signaling pathway.24–26 Inspired by this and based on our preliminary experiments, we treated primary
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E

F

G

H

I

J

Figure 7. The effects of microglial conditioned culture medium with different treatments (SiR-OPN or minocycline) on autophagy of Müller cells

(A–F) The effects of SiR-OPN or minocycline on release of OPN in microglia (n = 3); B,G, Western blot analysis and densitometry quantification of P62, Atg12,

Beclin 1, Atg5, and LC3B in Müller cells cultured with different microglial conditioned medium (n = 3); C,H, qRT-PCR analysis of P62, Atg12, Beclin 1, Atg5,

and LC3B in Müller cells cultured with different microglial conditioned medium (n = 6); D,I, Representative images of Müller cells cultured with different

microglial conditioned medium and infected with adenovirus harboring mRFP-GFP-LC3 (magnification 400, scale bar = 20 mm), and quantitative analysis of

LC3 puncta in Müller cells (n = 6). E,J, Representative electron micrographs and quantitative analysis of autophagic vesicles in Müller cells treated with

different microglial conditioned medium (magnification 30000, scale bar = 500 nm),. The blue arrows point to lysosome (n = 6). Data are represented as the

mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the control group.
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retinal Müller cells with conditioned medium from microglia culture that pretreated with pressurization or

oe-OPN in combination with a p38 MAPK signaling pathway inhibitor SB203580, trying to investigate

whether p38 MAPK pathway takes part in the regulation of the interaction between microglia and Müller

cells via OPN signaling where autophagy is involved. As results showed, accompanying p-p38 downregu-

lation, the expressions of autophagy-related proteins (ATG12, Beclin 1, ATG 5, and LC3-II/LC3-I) increased

significantly, while the autophagy substrate P62 decreased markedly in Müller cells administered with

SB203580 and pretreated with either oe-OPN or pressurization (p < 0.05) (Figures 8A–8C), indicating the

probable involvement of p38 MAPK pathway in the regulation of microglia-derived OPN signaling to

Müller cells.

Furthermore, in terms of experiments in vivo, SB203580 treatment was performed in rats in combination

with intravitreal delivery of OPN or modeling operation of COH. Compared with the control group, the

retinal expressions of autophagy-related proteins (ATG12, Beclin 1, ATG 5, and LC3-II/LC3-I) increased

significantly, while the autophagy substrate P62 decreased markedly in rats treated with SB203580 in com-

bination with either OPN supplement or COHmodeling (p < 0.05) (Figures 8E–8G). Taking into account the

findings in vitromentioned above, the results presented that p38 MAPK pathway may take part in the regu-

lation of retinal microglia-Müller cells interaction via microglia-derived OPN signaling, where the auto-

phagy in Müller cells is significantly concerned.

DISCUSSION

In the past, neuroglia in CNS was simply regarded as supportive cells to aid neurons in morphologic and

neurotrophic terms. However, increasing evidence has emerged, convincing people of the fact that neuro-

glia, primarily divided into microglia and macroglia, interactively play important roles in the development

and pathology courses of the nervous system. Especially in the context of neurodegeneration, microglia

and macroglia act as the essential mediators of neuroinflammation, the dynamic alterations of which crit-

ically influence the lesion prognosis, involving responses in forms of transcriptome, proteome and func-

tions.1–3 Although increasing interests and investigations have focused on the role of microglia-macroglia

interaction in the complex context of various neurodegenerative disorders, there still exist a lot of puzzles

and challenges to be explored. We in the present study take advantage of established glaucoma models

in vivo and in vitro to try to illustrate some underlying details andmechanisms for this interaction in a neuro-

degeneration scenario of eye disease, which may introduce certain inspirations to this research field and

potential convenience of direct observation through transparent media in vivo experiments in further

research.

The retina contains three types of glial cells: microglia, astrocytes andMüller cells, with the latter two falling

into the macroglia category. The Müller cell is the predominant glial element in the retina, representing

90% of the retinal glia27 and plays a crucial role in regulating and maintaining retinal neuronal functions.28

Microglia is the main cell type that is involved in the immune and inflammatory reactions in glaucoma. It is

widely accepted that activated microglia exert dual functions, that is, pro-inflammatory (M1) and anti-in-

flammatory (M2) effects.29 Cells of Müller glia and microglia both react to neuronal injury in glaucoma.

Changes to a reactive phenotype initiate signaling cascades that may play a role in protecting or destroying

optic neurons in different pathological stages.30 Previous researchers have found that under normal con-

ditions, Müller cells are potential sources of extracellular ATP that can mediate activity-dependent regula-

tion of microglial dynamic process motility. Morphological, molecular, and functional responses are

impacted following microglial activation and signal to Müller cells during inflammation.31,32 However,

the underlying mechanisms and signaling pathways involved in the crosstalk and the signal cascades be-

tween microglia and Müller cells are unclear. More research is needed to help understand the interaction

of retinal glial cells and the underlying mechanisms of damage or protection to optic neurons. Discovery of

relevant molecular signals, such as OPN, would contribute to the understanding of these multifaceted in-

teractions. Microglia-Müller cell signaling may constitute a target for therapeutic interventions that can

direct overall retinal injury responses toward beneficial, and away from detrimental ends.

Autophagy is an evolutionarily conserved intracellular process involved in protein and organelle degrada-

tion and has been associated with cell-protective processes as well as cell death.33 Disruption in autophagy

may cause a wide range of human diseases including neurodegenerative diseases, liver diseases, muscle

diseases, cardiac diseases, and cancer.34 In recent years, increasing evidence has shown that autophagy

plays a role in the pathophysiology of glaucoma, and it is involved in all stages of glaucomatous neuropathy
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Figure 8. The effects of SB203580 on OPN-induced autophagy of Müller cells in vitro and in vivo

(A) Western blot analysis and densitometry quantification of p38 and p-p38 in Müller cells treated with OPN+DMSO, OPN+SB203580, pressure+DMSO,

pressure +SB203580 (n = 3).

(B) Western blot analysis and densitometry quantification of P62, Atg12, Beclin 1, Atg5, and LC3B in Müller cells treated with OPN+DMSO, OPN+SB203580,

pressure+DMSO, pressure +SB203580 (n = 3).

(C) qRT-PCR analysis of P62, Atg12, Beclin 1, Atg5, and LC3B in Müller cells treated with OPN+DMSO, OPN+SB203580, pressure+DMSO,

pressure +SB203580 (n = 6).

(D) Changes in IOP in rats of control+OPN+DMSO (average, 11.19G 4.87 mmHg), control+OPN+SB203580 (average, 10.96 G 5.23 mmHg), COH 4 weeks+

DMSO (average, 31.62 G 6.88 mmHg), COH 4 weeks+ SB203580 (average, 31.43 G 7.04 mmHg) (n = 12, Bars represent mean G SD).

(E) Western blot analysis and densitometry quantification of p38 and p-p38 in retina of control+OPN+DMSO, control+OPN+SB203580, COH 4 weeks+

DMSO, COH 4 weeks + SB203580 groups (n = 3).

(F) Western blot analysis and densitometry quantification of P62, Atg12, Beclin 1, Atg5, and LC3B in retina of control+OPN+DMSO,

control+OPN+SB203580, COH 4 weeks+ DMSO, COH 4 weeks + SB203580 groups (n = 3).

(G) qRT-PCR analysis of P62, Atg12, Beclin 1, Atg5 and LC3B in rats’ retina of control+OPN+DMSO, control+OPN+SB203580, COH 4 weeks+ DMSO, COH

4 weeks + SB203580 groups (n = 6). Data are represented as the mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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processes, where the balance between neuronal death and survival is crux.35 Therefore, restoring auto-

phagy flux may appear to be an efficient therapeutic strategy for this kind of neurodegenerative disease,

and hopefully for glaucoma as well,36 which is consistent with the concept proposed in this article. The re-

sults of this study suggest that the level of autophagy gradually decreases with the prolonging of the COH

modeling time, which is contrary to conclusions from some previous research that autophagy level is to

elevate in experimental glaucoma.37,38 This discrepancy may be attributed to the differences in modeling

mechanisms, the amplitude of IOP elevation, the time point of detection for autophagic activity, most

importantly, the difference in the target cell of the study. In addition, we also found a lack of consistency

between the protein and mRNA levels of Atg12, P62, and LC3B, particularly at 8 weeks in the COH model.

We believe this discrepancy may be due to various factors such as separation of transcription and transla-

tion in eukaryotic gene expression, post-transcriptional processing, degradation of transcripts, post-trans-

lational processing and modification, and different time points of detection. In the COH model, peak/low

point was reached at 8 weeks in terms of degradation/increase of mRNA for Atg12, P62, and LC3B proteins.

The study on autophagy in glaucoma is not rare. However, attention has mostly been focused on the

changes of autophagy in the trabecular meshwork (TM), microglia, astrocytes, and especially RGCs. Porter

et al.39 indicated that the decreased autophagic flux (an indicator of autophagic activity) caused by oxida-

tive stress may be one of the factors that lead to the progressive failure of cellular TM function with age and

may be partially responsible for the pathogenesis of primary open-angle glaucoma (POAG). Su et al.40

demonstrated that the autophagy activator rapamycin significantly inhibits the expression of Iba-1 (a spe-

cific marker for activated microglia) and enhanced the expression of NF-kB in a rat model of COH. Addi-

tionally, Tezel et al.41 reported a marked upregulation of mTOR, Atg3, and Atg7 in retinal astrocytes in an

experimental rat model of glaucoma, which indicated participation of autophagic pathway in the activation

of neuroinflammation under glaucoma condition. In terms of neuronal issues, Park et al.42 confirmed that

autophagosomes are deposited in the dendrites of RGCs in a chronic hypertensive glaucoma rat model

and that autophagy is activated earlier in the dendrites of RGCs than in the cytoplasm of RGCs. However,

the autophagy of Müller cells, which plays an important role in the progress of glaucoma, has not received

much attention. Therefore, there is plenty of space to explore on the topic of changes in autophagy of

Müller cells and related mechanisms in glaucoma. The present study took on the significance to fill the

gap in this research field.

Reactive Müller cells have been found in the retina of glaucoma patients.43 Activation of Müller cells was

also observed in DBA/2J mouse (a kind of inherited glaucoma model) at a very early stage, suggesting

that Müller cells play an important role in the pathogenesis of glaucoma.44 Kang et al.16 found that the

autophagy of Müller cells was closely related to the apoptosis of RGCs in the optic nerve injury model,

which is consistent with the findings in the present research. Wang et al.45 reported that the downregula-

tion of autophagy in Müller cells destroyed lysosome function, increased apoptosis, and impaired cell

function. Lopes et al.46 found that autophagic malfunction of Müller cells can lead to a massive VEGF pro-

duction and an increased apoptotic rate, which may lead to a breakdown of the blood-retinal barrier and

neurodegeneration. As main sources of ATP and neurotrophic factors, Müller cells provide energy and nu-

trients for the physiological activities of RGCs.47,48 Studies have reported that extracellular ATP levels are

significantly elevated in the retina of glaucoma patients and DBA/2J mice.49,50 Reactive Müller cells exhibit

greater responses to extracellular stimuli and therefore releasemore ATP, whichmay induce RGCs damage

through activation of RGCs-expressed P2X7 receptors.51 In addition, glutamate is an important intraretinal

excitatory neurotransmitter that transmits visual information from photoreceptors to RGCs. K+ channel

(Kir4.1) function in Müller cells is significantly impaired under conditions of high intraocular pressure.52

The decrease in Kir4.1 channel activity causes the accumulation of extracellular glutamate.53 Elevated

extracellular K+ level triggers neuronal excitation, glutamate release, and excitotoxicity resulting in a

marked loss of RGCs. These reports suggest that disruption of autophagy in Müller cells contributes to

cellular dysfunction, and the impairment of Müller cell physiological function may trigger RGCs lesion un-

der various pathological circumstances. Therefore, we have reason to speculate that the downregulation of

autophagy in Müller cells may indirectly affect RGCs survival due to alterations in their normal supportive

functions under glaucomatous conditions. Of course, this hypothesis needs further experiments for

verification.

This study attempts to demonstrate the scientific hypotheses (microglia-OPN-P38 MAPK-Müller cell auto-

phagy-RGCs loss) from various aspects. In vitro experiments showed that this pathway affects the

ll
OPEN ACCESS

iScience 26, 106839, June 16, 2023 15

iScience
Article



autophagy flow activity of Müller cells by regulating the interaction chain between microglia and OPN in

the case of irrelevant RGCs ecology, while in vivo experiments introduced a complex network of relation-

ships between RGCs and other retinal cells. The direct impact of microglial activation or OPN on RGCs or

other cells cannot be ruled out, but combined with the results obtained from the observation of the rela-

tionship between microglia andMüller cells under the control of in vitro experimental conditions, as well as

the previous research on OPN in the in vivo experimental stage for RGCs, we think that the microglia-OPN-

P38 MAPK-Müller cell autophagy chain at least partly and significantly contribute to RGCs survival.

OPN can be divided into subtypes of intracellular OPN (iOPN, in the nucleus) and secreted OPN (sOPN, in

the cytoplasm).54,55 The sOPN works by binding to the extracellular receptors expressed by the target cells

while the iOPN acts by binding to MyD88, which is located downstream of the toll-like receptor.56 In vivo,

both the two kinds of OPN can play a part in the immune regulation process through different pathways.

OPNmentioned in the present study only refers to the sOPN, which is a defect of this research. The impor-

tant role of iOPN should not be ignored in future research. OPN receptors include integrins and CD44

families.57,58 OPN has two critical integrin-binding sequences: arginine-glycine-aspartic acid (RGD) and

serine-valine-valine-tyrosine-glutamate-leucine-arginine (SVVYGLR). OPN interacts mainly with various

av (particularly avb1, avb3, avb5) integrin receptors via the classical RGD sequence, and interacts with

a9b1, a4b1, a4b7 via SVVYGLR.59–61 It also interacts with the CD44 via the C-terminal fragment calcium-

binding site.62–64 Here, we found that CD44 and Itgavb3 were both involved in the regulation of OPN on

autophagy, which is not completely consistent with the previous research results of Liu et al.19 Thus, we

speculate that OPNmay regulate cell autophagy differently dependent on cell type and disease character-

istics, and the temporal features of initiating and enduring may also matter.

Limitations of the study

Limitations of our study include the absence of in vivo experiments on OPN knockout or overexpression

rats. This was mostly due to time constraints and resource scarcity in terms of rat breed featuring retina-

specific OPN deleted or overexpressed, and we alternatively adopted the method of using OPN knock-

down and overexpression microglia in vitro. The present study also only focused on microglia interaction

with macroglia Müller cells. Macroglia astrocytes, though present in small numbers in the retina, were not

covered. We plan to study this area in the near future by breeding rats with specific gene types to ensure a

rigorous experimental design.

Comprehensively, the direct evidence provided in this study suggested that microglia-derived OPN was

upregulated while autophagy level in Müller cells decreased significantly along with RGCs loss in rat glau-

coma model. In vitro experiments further confirmed the correlation between inhibition of autophagy in

Müller cells and microglia-derived OPN via the activation of its receptors integrin avb3/CD44 and media-

tion of p38 MAPK signaling pathway. OPN appears to be a novel discovered molecular signaling pathway

for microglia-macroglia interaction in the neurodegenerative scenario of glaucoma, and the reduced auto-

phagy in Müller cells caused by microglia-derived OPN may contribute to the loss of neuronal cells in

experimental glaucoma (Figure 9). Whether the situation also coincides in CNS warrants further validation.

Undoubtedly, it may serve as a potential target for treatment of glaucoma and other neurodegenerative

diseases, and modulation of neural pathophysiology through regulating interactive signals between

different types of glial cells is expected to become a research direction for exploring new therapeutic stra-

tegies in the field of neurodegeneration.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-GAPDH antibody Abcam Cat#ab128797

Anti-CD68 antibody Abcam Cat#ab125212

Anti-Iba-1 antibody Abcam Cat#ab178846

Anti-OPN antibody Abcam Cat#ab8448

Anti-CD44 antibody Abcam Cat#ab157107

Anti-Itgavb3 antibody Abcam Cat#ab179475

Anti-P62 antibody Cell Signaling Technology Cat#23214

Anti-LC3B antibody Cell Signaling Technology Cat#12741

Anti-Atg5 antibody Abcam Cat#ab108327

Anti-Atg12 antibody Abcam Cat#ab303488

Anti-Beclin1 antibody Cell Signaling Technology Cat#3495

Alexa Fluor@555 Donkey Anti-Rabbit IgG Invitrogen Cat#A31572

Alexa Fluor@488 Donkey Anti-Mouse IgG Invitrogen Cat#A32766

SB203580 Selleck Cat#S1076

Cyclo(RGDyK) Selleck Cat#7844

minocycline Sigma-Aldrich Cat#M9511

Bacterial and virus strains

Ad-CMV-RFP-GFP-LC3 Bioegene N/A

Chemicals, peptides, and recombinant proteins

HyStem Cell Culture Scaffold Kit Sigma-Aldrich Cat#HYSC010

DMEM Gibco Cat#11960-044

Fetal bovine serum Gibco Cat#10100-147

PrimeScriptTM RT Master Mix (Perfect Real Time) TakaRa Cat#RR036A

TB GreenTM Premix Ex TaqTM TakaRa Cat#RR071A

Matrigel� Basement Membrane Matrix Corning Cat#356237

DAPI Beyotime Cat#C1002

Fluoro gold Fluorochrome Cat#52-9400

Critical commercial assays

BCA Protein Assay kit Beyotime Cat# P0012S

Lipofectamine 3000 Invitrogen Cat# L3000015

Experimental models: Organisms/strains

Sprague-Dawley (SD) male grown-up rodents Zhejiang Vital River Laboratory Animal

Technology Co., Ltd (Zhejiang, China)

SCXK (Zhe) 2019-0001

Oligonucleotides

primer sequences for PCR This Paper N/A

siRNA targeting sequence This Paper N/A

Recombinant DNA

SiR-OPN Life Technologies N/A

oe-OPN Bioegene N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact Yisheng Zhong (yszhong68@126.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon reasonable request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

The experiment was endorsed by Ruijin Hospital, Shanghai, China. All tasks followed the Association for

Research in Vision and Ophthalmology (ARVO) rules. Sprague-Dawley (SD) male grown-up rodents, weigh-

ing roughly 250 g, were sourced from Zhejiang Vital River Laboratory Animal Technology Co., Ltd (Zhejiang,

China) and taken care of under a 12 hour light and dim cycle.

Primary rat retinal microglia cultures

Microglial cells were isolated from the retinas of newborn rats within 48 hours after birth as described pre-

viously with minor modifications.65,66 In brief, retinas were washed using ice-cold PBS, then digested for

1 minute at 37�C using 0.125% trypsin-EDTA (Invitrogen, Carlsbad, CA) that contains DNase I (100 U/mL;

Sigma-Aldrich). Cells were collected after centrifugation and resuspended by introducing Dulbecco’s

modified Eagle’s medium (DMEM; Gibco, NY) that contains 4.5 g/L glucose supplemented with 20% fetal

bovine serum (FBS). Cells were then plated in 75 cm2 culture flasks at a density of approximately 133107/ml,

and cultured under 5% CO2 at 37
�C in a humidified incubator. Culture medium was replaced 48 hours after

plating, and the semi-replacement of the culture medium was performed once every week thereafter. Two

weeks later, microglial cells were isolated from the cultured total glial cells by shaking the culture flasks at

90-120 rpm for 90 minutes and resuspended in culture medium. The cells were identified using immunocy-

tochemical staining of CD11b and Iba-1.

Primary rat Müller cells cultures

Primary Müller cells were isolated and cultured as described previously with minor modifications.67 In brief,

eyeballs were enucleated from newborn rats within 48 hours after birth and the retinas were detached after

soaking the globes in a growth medium overnight. The retinas were digested with enzymes for 2 hours,

dissociated in a stationary culture and maintained in another stationary culture of 10% serum supple-

mented growth medium. Cultures displayed extensive cellular outgrowth after 3–5 days, with abundant

fusiform and epithelioid cells. Removal of aggregates and cellular debris after 6–7 days brought off isola-

tion of primary Müller cells. The cells were identified by immunocytochemical staining of glutamine synthe-

tase (GS) and glial fibrillary acidic protein (GFAP).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

GraphPad Prism 8.0 GraphPad https://www.graphpad.com/

ImageJ NIH, USA https://imagej.nih.gov/ij
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METHOD DETAILS

Anesthesia of rats

Prior to medical procedure, xylazine (10 mg/kg; Sigma–Aldrich, St. Louis, MO) and ketamine hydrochloride

(25 mg/kg; Sigma–Aldrich) were utilized for foundational sedation of the rodents through intraperitoneal

infusion. For the eyes being worked, a drop of 0.5% proparacaine hydrochloride (Bausch and Lomb,

Tampa, FL) was utilized for effective sedation.

Prior to IOP estimations, rodents were anesthetized utilizing isoflurane inward breath (2–4%; Sigma–

Aldrich).

Induction of IOP elevation

The chronic ocular hypertension (COH) was induced by infusing HyStem Cell Culture Scaffold kit(HCCS;

Sigma–Aldrich) into the front chamber, which comprises of HyStem (a thiol-altered carboxymethyl hyal-

uronic corrosive) and Extralink (a thiol-receptive polyethylene glycol diacrylate). HyStem and Extralink

were first disintegrated in degassed water and blended at a proportion of 4:1 preceding the infusion.

7 mL new fluid combination was then infused gradually into the front office of the correct eye more than

1 minute with a 31-gauge insulin syringe (BD Ultra-Fine, Franklin Lakes, NJ). The blend was set for 5 minutes

to take into consideration cross-connecting gelation in situ. To keep fluid combination from spilling over

before gelation, the needle was left in the front chamber all through this cycle. An equal amount of phos-

phate buffer saline (PBS) was injected into the right eyes of control group rats. 0.3%Ofloxacin EyeOintment

(Santen Pharmaceutical, Osaka, Japan) was used to prevent infections.

IOP measurement

Measurement of IOP was completed using a TonoLab Rebound Tonometer (Icare, Vantaa, Finland). Mea-

surements were taken before COH to acquire a baseline, and every 2nd day after intracameral injection. All

measurements were conducted between 10 AMand 2 PM to eliminate bias. Averages of 6 readings for each

measurement were recorded and the data are presented as point-plot graphs (Figures 1A, 2F, 3A, and 5D).

Intravitreal injection

The pupil of the anesthetized eye was dilated with tropicamide drops. A 32-gauge needle was inserted

2 mm behind the temporal limbus and directed toward the optic nerve to make an access for drug de-

livery. Subsequently, one dose of 2 ml OPN (500ng/ml, diluted in PBS; Merck KGaA, Darmstadt, Ger-

many), OPN neutralizing antibody (Anti-OPN, 50 mM, diluted in PBS; Merck KGaA), CD44 neutralizing

antibody (Anti-CD44, 20mg/ml, diluted in PBS, R&D systems China Co. Ltd), Selective inhibitor of ItgaVb3

(cyclo RGDyk, 20nM, diluted in 0.2% DMSO, Selleckchem, Houston, TX, USA), minocycline (50 mM,

diluted in PBS, Sigma-Aldrich, St. Louis, MO, USA) or SB203580 (50 mM, diluted in 0.2% DMSO; Sigma

Aldrich) was injected into the vitreous cavity through the access using a microinjector (Hamilton Bonaduz

AG, Switzerland) under a stereoscopic microscope (Carl Zeiss Microscopy, Jena, Germany) according to

experimental needs. Each eye that received only an injection of PBS or 0.2% DMSO in the same manner

served as a negative control.

Retrograde labeling and quantification of RGCs

One week before sacrificing rats, the retrograde labeling of RGCs by injections of Fluoro-Gold (4%, dis-

solved in 0.9% saline; Fluorochrome, Denver, CO) into the bilateral superior colliculi was performed as pre-

viously described.68 Briefly, following the removal of skin and muscles, the cranium pierce location was set

at the bilateral points 6.4 mm behind the fonticuli anterior, 1.5 mm apart from the midline and then insert-

ing the needle 4.0 mm deep from the skull surface. 4 mL of Fluoro-Gold solution was injected at each point

by micro injector. Seven days after the labeling, the retinal neuroepithelium layers were dissociated and

wholly mounted on slides. All operations were protected from light. Images of labeled RGCs were captured

by a Zeiss Imager M1 laser-scanning microscope (Carl Zeiss Microscopy, Jena, Germany). The quantifica-

tion of RGCs was conducted in areas of approximately the same distances of 1/6, 3/6, 5/6 retinal radius from

the optic disk in each quadrant, using a digital image-analysis system (Image Pro Plus Version 6.0; Media

Cybernetics, Silver Spring, MD). The average of three RGC densities at the same eccentricity was consid-

ered as the mean density of RGCs for the certain position in each retina.
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Cell treatments with OPN

Müller cells of passage 2 were resuspended and seeded in 10cm cell culture dish and 24-well plates with or

without cover- slips. One 24h after seeding, the cells were incubated in the medium containing 6.25 mg/mL

OPN for 0, 12, 24, and 48 hours. Cells in 10cm cell culture dish were used for transmission electron micro-

scope, while cells in 24-well plates were collected for Western blot and qRT-PCR, cells on cover glasses

were used for immunocytochemistry analysis.

Transfection of siRNA

OPN expression was silenced using an OPN-specific siRNA (small interferring RNA, Life Technologies,

Grand Island, NY). Cells were seeded in 24-cell plates with medium containing 20% FBS 24 hours before

transfection, reaching approximately 80% confluency. siRNA (50nM, target sequence: GGCUUACGGA

CUGAGGUCAAA) was complexed with Lipofectamine 3000 (Invitrogen) according to the manufacturer’s

instructions and applied to each control plate. The cells were classified into four groups: blank group, lipo-

some group, non-targeting siRNA group and targeting siRNA group. After 24 hours, cells were collected

and RNA was extracted for analysis.

Plasmids transfection and transient expression of OPN

Lipofectamine 3000 (Invitrogen) was used to transfect the plasmids into primary microglia. Full-length com-

plementary cDNAs of OPNwere synthesized and inserted into the expression vector pcDNA3.1 (Bioegene,

Shanghai, China). The plasmids were subjected to DNA sequencing for verification.

Preparation of three-dimensional matrigel matrix

The preparation of a three-dimensional matrigel matrix (Corning, Corning, NY) was done following the

manufacturer’s instructions. An ice bath was used to precool the matrigel matrix and materials that would

come in contact with the cells. The matrigel matrix was then diluted with DMEM containing 4.5 g/L glucose

at a ratio of 1:1. Primary microglia cells were then suspended slowly in the dilutedmatrix using a pipette at a

density of 3x106/mL. The matrix containing cells was then placed in six-well BioPress� compression culture

plates (Flexcell International Corporation, Burlington, NC). The plates were then transferred to an incu-

bator with 5% CO2 at 37�C., where the matrix solution transformed into gel after 30 minutes. A serum-

free medium was then added gently around the matrigel. Cells were seeded overnight in the incubator.

Pressure loading of cell cultures

Pressure loading to the cells was accomplished with the Flexcell� FX-5000�Compression System (Flexcell

International Corporation). Microglia cells in six-well BioPress� compression culture plates were placed in

a specially designed half-closed container. The pressure of the compression system was set at 5kPa with a

frequency of 0.1 Hz. The endurance was set at 2, 4, 6, and 8h under computerized control. Once pressuring

concludes, the cells were immediately collected from the matrigel matrix for RNA or protein extraction. For

OPN overexpression or suppression, the microglial cells were pretreated with oe-OPN (10 nM) or SiR-OPN

(50 nM) 12 hours before compression loading. For suppression of microglial activation, the microglial cells

were pretreated with minocycline (50 mM) 12 hours before compression loading.

Transfection of Ad-CMV-RFP-GFP-LC3 and evaluation of fluorescent LC3 puncta

The Ad-CMV-RFP-GFP-LC3 was purchased from Shanghai Bioegene Co., Ltd. The Müller cells were trans-

fected with 15 M.O.I. (multiplicity of infection) of Ad-CMV-RFP-GFP-LC3 adenovirus for 24h and then

treated with OPN or corresponding conditionmedium. The cells were washed with PBS, fixed with 4% para-

formaldehyde, and viewed under a confocal fluorescence microscope (Nikon, A1, Tokyo, Japan). GFP de-

grades in an acidic environment while RFP does not. Thus, yellow dots (formed out of the overlap between

red and green) indicate autophagosomes, while red dots indicate autophagic lysosomes. The number of

GFP and mRFP dots was determined by manual counting of fluorescent puncta in six fields.

Transmission electron microscope

The cells or retinal tissues (2 3 2 3 2 mm) were fixed with 2.5% glutaraldehyde and 1% osmium tetroxide

followed by dehydration in an increasing concentration series of ethanol. The samples were embedded in

Durcupan ACM (Sigma-Aldrich) for 6 h, and ultrathin sections were cut using a Leica Ultramicrotome EM

UC6 (Leica, Wetzlar, Germany). The sections were then stained with uranyl acetate and lead citrate, and

examined with a Tecnai G2 12 transmission electron microscope (Thermo Fisher Scientific, Hillsboro,

ll
OPEN ACCESS

24 iScience 26, 106839, June 16, 2023

iScience
Article



Oregon USA). Skilled electron microscopy technicians handled observation of Müller cells autophagolyso-

some counting. Images were then collected and analyzed. In short, the cytoplasm of Müller cells is more

osmiophilic than the cytoplasm of near cells and looks darker. Please refer to previous literature for specific

methods.69

Immunofluorescence

For the preparation of retinal tissue sections, the ocular anterior segments were removed to preserve the

eyecups, which were frozen in an Optimum Cutting Temperature compound (OCT; Sakura Finetek, Tor-

rance, CA), and then 10-mm-thick cryosections were cut and air-dried. The retinal sections or cells on cov-

erslips were permeated with cold 0.25% Triton X-100 solution (Sigma-Aldrich) for 30 minutes, then blocked

in 1% BSA at room temperature for 1 hour. The slices were incubated with anti-GS (1:100 dilution; Abcam,

Cambridge, England, ab64613), anti-CD44 (1:1000 dilution; Abcam, ab157107), anti-Itgavb3 (1:500 dilution;

Abcam, ab179475), anti-LC-3B (1:100 dilution; Cell Signaling Technology, Massachusetts, USA, 12741) or

anti-P62 (1:800 dilution; Cell Signaling Technology, 23214) primary antibodies at 4�C overnight under sin-

gle or combined application as needed. Then, they were incubated with Texas-red conjugated donkey

anti-rabbit (1:1000 dilution; Abcam) and FITC conjugated donkey anti-mouse (1:1000 dilution; Abcam) sec-

ondary antibodies at room temperature for 1 hour. The samples were further incubated with 4’,6-diami-

dino-2-phenylindole (DAPI; Sigma-Aldrich) for 5 minutes and examined under microscopy (Carl Zeiss

Microscopy).

Western blot analysis

Total protein was extracted from rat retina or Müller cells using RIPA lysis buffer (Sigma-Aldrich) with a

cocktail of protease inhibitors (Roche Applied Science, Penzberg, Germany) following the manufacturer’s

instructions. The protein expression level was determined by densitometric analysis and normalized to the

level of GAPDH. Since different proteins with similar molecular weights were sourced from different gels

and PVDF membranes, a separate GAPDH control was run for each blot and one of them was chosen for

presentation. The primary antibodies were as follows: GAPDH (1:10000 dilution; Abcam, ab8245),

CD11b (1:1000 dilution; Abcam, ab128797), CD68 (1:1000 dilution; Abcam, ab125212), Iba-1 (1:1000 dilu-

tion; Abcam, ab178846), OPN (1:1000 dilution; Abcam, ab8448), CD44 (1:5000 dilution; Abcam,

ab157107), Itgavb3 (1:5000 dilution; Abcam, ab179475), P62 (1:1000 dilution; Cell Signaling Technology,

23214), LC3B (1:1000 dilution; Cell Signaling Technology, 12741), Atg5 (1:5000 dilution; Abcam,

ab108327), Atg12 (1:1000 dilution; Abcam, ab303488), Beclin1 (1:1000 dilution; Cell Signaling Technology,

3495).

Quantitative real-time RT-PCR

Total RNA was isolated from rat retina or Müller cells using Trizol reagent (Invitrogen) following the man-

ufacturer’s instructions. The RNA was then converted to cDNA using the reverse transcriptase kit

PrimeScript RT Master Mix (Takara Bio, Inc., Shiga, Japan). Primers were designed using Primer Premier

5.0 software (Thermo Fisher Scientific, Grand Island, NY). The primer pairs used were as follows:

b-actin (F: CACTATCGGCAATGAGCGGTTCC, R: CAGCACTGTGTTGGCATAGAGGTC),

OPN (F: ACGACGATGACGACGGAGACC, R: GTGTGCTGGCAGTGAAGGACTC),

Iba-1 (F: AACGTCTCCTCGGAGCCACTG, R: GCTGGAGAAACTTGGGGTTCCC),

CD11b (F: GGGCAGGAGACGTTTGTGAAGG, R: GCCAGCAGTGATGAGAGCCAAG),

CD68 (F: GTCTGACCTTGCTGGTACTGCTTG, R: CGTAGGGCTTGCTGTGCTTCC)

CD44 (F: CCTGGCACAGCAGCAGATCG, R: TGGGCAAGGTGGTGTTGAAAGC)

Itgav (F: TGCTGCTCGGCCTCCTACTG, R: CGAAGAAGTCCACGGCGAATCC)

Itgb3 (F: GACTCGGACTGGACTGGCTACTAC, R: ACTTCTCGCAGGTGTCTCCATAGG)

P62 (F: TCGTGGTCGTGGGGTGTCTG, R: TCTGGTGATGGAGCCTCTTACTGG)
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Atg5 (F: CTCAGCTCTGCCTTGGAACATCAC, R: AAGTGAGCCTCAACTGCATCCTTG)

Atg12 (F: TCTCCCCAGAAACAGCCATCCC, R: AGTGTCTCCTACAGCCTTCAGCAG)

Beclin1 (F: TCAAGATCCTGGACCGAGTGACC, R: TCCTGGCTCTCTCCTGGTTTCG)

LC3B (F: AGCCTTCTTCCTCCTGGTGAATGG, R: AGTGCTGTCCCGAACGTCTCC).

Quantitative real-time PCR was performed using the SYBR Premix Ex Taq II kit (Takara Bio, Inc.) in a total

volume of 20 mL on a 7500 real-time PCR (Applied Biosystems, Foster City, CA) employing a procedure

of 95�C for 30 seconds, 40 cycles of 95�C for 5 seconds, 60�C for 34 seconds, and 72�C for 30 seconds.

mRNA contents of each sample were detected in duplicates. b-Actin was used as a reference gene. Relative

quantification of each gene expression was calculated using the 2-DDCt method as described previously.70

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with GraphPad Prism 8.0 Statistical differences between groups were

estimated using a Student’s t-test or one-way analysis of variance (ANOVA). The data were expressed as

the mean G SD of at least three measurements. Statistical significance was designated for analyses with

p < 0.05. The numbers of samples (n) are plotted explicitly in each graph. Asterisks in all figures indicate

the degree of significant differences compared to controls (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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