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Abstract
Background: Connexin43 (Cx43) is one of major gap junction proteins in glial cells. Mutation in the gap
junction protein alpha 1 gene of Cx43 has been detected in human glaucomatous retinas, suggestive of
involvement of Cx43 in pathogenesis of glaucoma. However, the role of Cx43 in glaucoma has not been
clearly elucidated.

Methods: A mouse model of chronic ocular hypertension (COH) was produced by injecting magnetic
microbeads into the eye anterior chamber. To explore the role of Rac1 in regulating Cx43 function, Rac1
conditional knockout in astrocytes was generated by subretinal injection of AAV-GFAP-Cre in Rac1flox/flox

mice. The hemichannel activity was assayed by ethidium bromide uptake. The level and source of ATP
were assayed by a commercial ATP assay kit, ATP sensors and removing microglia.

Results: In this study, we showed that Cx43 were mainly expressed in retinal astrocytes. Intraocular
pressure (IOP) elevation induced astrocyte activation, as evidenced by increased expressions of c-Fos
and glial fibrillary acidic protein (GFAP), which results in downregulation of Cx43 and changes of Cx43
phosphorylation at Ser373 and Ser368 sites. In the optic nerve head of COH mice, Cx43 expression in
Gap43 (an activity-dependent plasticity protein) positive astrocytes was reduced. In COH retinas, Rac1, a
member of the Rho family, was activated, which was consistent with the decrease of Cx43 expression in
a time course. Pharmacological inhibition of Rac1 inhibited the activity of its downstream molecule
PAK1, and reversed the reduction of Cx43 expression and astrocyte activation induced by IOP elevation.
Co-immunoprecipitation experiments further demonstrated the interactions between Cx43 and active
Rac1 or p-PAK1. Inhibition of Rac1 or conditional knockout of Rac1 in macroglial cells increased the ATP
release through Cx43 hemichannels in astrocytes of COH retinas. Additionally, Rac1 deletion in astrocytes
upregulated the expression of adenosine A3 receptor in retinal ganglion cells (RGCs) and promoted RGC
survival, at least at early stage of IOP elevation through activating adenosine receptors.

Conclusions: Our results showed that Rac1 in astrocytes regulated glaucomatous RGC survival through
Cx43-mediated ATP release. These findings suggest that modulation of Rac1/PAK1/Cx43 pathway in
astrocytes may be a potential strategy of neuroprotection in glaucoma. 

Introduction
Connexin43 (Cx43) is specialized in cell-to-cell connection that is an important part of maintaining the
cell and tissue homeostasis. The mutation in the gap junction protein alpha 1 (GJA1) gene of Cx43
protein causes oculodentodigitaldysplasia (ODDD), which is accompanied with ocular disorders [1, 2],
and this mutation is also detected in patients with open-angle glaucoma [3], suggesting that Cx43 may be
involved in the pathogenesis of glaucoma.

Glaucoma is the leading cause of irreversible blindness diseases in the world, which is characterized by
the optic nerve head (ONH) lesion and visual field loss. Retinal ganglion cell (RGC) apoptotic death is the
fundamental pathological process of glaucoma. Intraocular hypertension is considered to be the most
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important risk factor [4]. As one of the retinal neurodegenerative diseases, the pathogenesis of glaucoma
is complex and diverse. Astrocytes, the major glia in the ONH [5], closely surround the non-myelinated
sheath segment of RGC axons to provide energy to RGCs through morphological remodeling, in which
Cx43 plays an important role.

In retina, Cx43 is the main gap junction protein in retinal glial cells including macroglia (Müller cells and
astrocytes) and microglia [6, 7]. Connexon in one cell pairs with the same or a different type of connexons
in neighboring cell to constitute gap junction, whereas in the membrane, connexin that does not find its
matches forms a hemichannel. The hemichannels operate as a stand-alone gated pore [8, 9], opening to
the extracellular space to release gliotransmitters, nicotinamide adenine dinucleotide or D-serine, and
facilitate purinergic signaling. In retinal astrocytes, Cx43-mediated metabolic network serves as an
endogenous mechanism to mitigate the bioenergetic stress and disperse the impact of neurodegenerative
disease processes. Although Cx43 has been implicated in the pathological process of glaucoma, an exact
association between Cx43 and RGC loss has not been completely elucidated. Previous studies have
shown that partial superior optic nerve transection induced a biphasic up-regulation of retinal Cx43
proteins in the superior retina of rats, and RGC loss was associated with astrocyte-mediated
inflammatory response [7]. In glaucomatous retina, intraocular pressure (IOP) elevation may induce the
loss of gap junction communication and redistribution of Cx43 in astrocytes, thus changing the
homeostasis of RGC axons and causing glaucomatous neuropathy [10]. In addition, blocking the Cx43
hemichannels reduced RGC apoptosis in glaucoma [11], indicating that modulating Cx43 hemichannels
may provide neuroprotective effects in glaucoma.

Rac1 is an important member of the Rho GTPase of small G protein family. It controls cytoskeleton
rearrangement, which causes structural changes in cell junctions. Rac1-mediated signaling, such as N-
cadherin, MENA, or PAK1, modulates the expression and localization of Cx43 [12–15]. Our previous study
has shown that Rac1 was activated in retinas of a mice experimental glaucoma model and regulated
RGC autophagy and apoptosis [16]. In this study, we explored whether and how Rac1 may regulate Cx43
in retinal astrocytes and how Rac1 is involved in the astrocyte-RGC cross-talk in a mouse model of
experimental glaucoma.

Materials And Methods

Animals
All procedures of animal experiments were carried out according to the National Institutes of Health (NIH)
guidelines for the Care and Use of Laboratory Animals and approved by Fudan University Animal Care
Committee. All efforts were made to minimize the animal’s pain and discomfort during the experiments.
C57BL/6 mice were purchased from the SLAC Laboratory Animal Co. Ltd (Shanghai, China). Rac1flox/flox

mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA) [17]. hGFAP-cre mice were a
generous gift from Dr. Lan Xiao (Army Medical University, Chongqing, China). Mice were housed in a cycle
of 12 hours light/darkness with normal rodent food and water ad libitum.
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COH mouse model
COH mouse model was produced according to our previous work [16]. In brief, the mice were anesthetized
by intraperitoneal injection of 2% pentobarbital sodium (40 mg/kg), and then oxybuprocaine
hydrochloride eye drops (4 mg/ml) were applied to the inner edge of the eyelid for topical anesthesia.
Tropicamide eye drops (5 mg/ml) was used to dilate the pupils. Under the aid of the ophthalmic surgical
microscope (OPMI VISU 140, Carl Zeiss, Jena, Germany), magnetic microbeads (diameter ≈ 9µm BioMag
® Superparamagnetic Iron Oxide, Bangs Laboratories, Ins, USA) (2 µl) were injected into the anterior
chamber avoiding iris and lens injuries. The beads were evenly distributed around the iridocorneal angle
by a handheld magnet (0.45 Tesla). In sham-operated groups (control), similar procedures were
performed except for injecting 2 µl normal saline (NS). Chlortetracycline ointment was smeared on
surface of the eye ball to prevent infection after operation. IOP was measured by a hand-held Tonolab
rebound tonometer (Icare, Finland) at 9–10 a.m. to avoid possible circadian rhythm differences. IOPs of
both eyes were recorded immediately after surgery (G0d), at the day 4 after surgery (G4d), and at the 1st,
2nd, 3rd, and 4th week after surgery (G1w, G2w, G3w and G4w, respectively). The average value of five
consecutive acceptable measurements with a deviation 5% was recorded.

Western blotting analyses
Western blotting analyses were performed as described previously [18–20]. For whole cell protein
extraction, retinas were homogenized in the RIPA lysis buffer supplemented with a mixture of protease
and phosphatase inhibitors (Roche Applied Science, Mannheim, Germany). The extraction of retinal
plasma membrane protein was followed the instructions of a commercial plasma membrane protein
extraction kit (Bio Vision, Milpitas, CA, USA). The protein concentrations were determined by standard
bicinchoninic acid assay kit (Pierce Biotechnology, Rockford, IL, USA). According to the molecular weights
of the target proteins, the protein samples were separated by 8%, 10% or 15% of twelve alkyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) respectively, and then transferred from the gels onto
PVDF membranes (Immobilon-P, Millipore, Billerica, MA, USA) using Mini-PROTEAN 3 Electrophoresis
System and Mini Trans-Blot Electrophoretic Transfer System (Bio-Rad, Hercules, CA, USA). The antibodies
used in this study were listed in the Supplementary Table 1. Digital imager (FluorChem E System,
ProteinSimple, San Jose, CA, USA) was used for imaging, and AlphaView SA (version 3.4, ProteinSimple)
was used for analysis.

Co-immunoprecipitation
Co-immunoprecipitation (Co-IP) experiments were conducted to test possible interactions of Cx43 and
active Rac1 or p-PAK1. The procedure was performed according to the Pierce Co-IP kit instructions
(Pierce™, Thermo -Fisher Scientific, Pittsburgh, PA, USA) [16]. The Cx43 antibody was purified with a
Pierce Antibody Clean-up Kit (Thermo -Fisher Scientific). Retinal protein extracts were obtained from
control (Ctr) and COH retinas of G1w. Subsequent procedure was performed, similar to Western blotting.

Immunofluorescent staining
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Immunohistochemistry was performed as previously described [18–20]. Briefly, the eye cup was fixed
with 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) (pH 7.4) for 4 h at room
temperature. After dehydration and embedding of retinas in OCT compound (Tissue Tek, Torrance, CA),
the retinal sections with a thickness of 14 µm were cut vertically on a frozen microtome (Leica, Nussloch,
Germany). At room temperature, 5% normal donkey serum and 1% BSA in PBS containing 0.1% Triton X-
100 were used to block the sections or whole flat-mounted retinas for 2 h. The samples were incubated
overnight (for retinal sections) or 3 days (for whole flat-mounted retinas) at 4°C with the primary
antibodies, and then with the second antibodies listed in Supplementary Table 1. Then the samples were
mounted with anti-fade mounting medium with DAPI (Vector Laboratories, Burlingame, CA, USA), and
images were captured with FV1000 confocal laser-scanning microscope (Olympus, Tokyo, Japan). In
order to avoid any possible reconstruction stack artifacts, a single-layer optical slice was scanned at 1.0
µm intervals to accurately evaluate the double markers.

Measurement of ATP levels
Retinas were collected from eyes and adenosine triphosphate (ATP) levels were determined by luciferin-
luciferase method according to the instructions of ATP Detection Kit (Beyotime Biotechnology Inc.,
Shanghai, China). In some experiments, the ecto-ATPase inhibitor ARL67156 (100 µM, Sigma-Aldrich, MO,
USA) was added to the tissue lysate to prevent ATP degradation. ATP levels were calculated from an ATP
standard curve which was prepared in concentration of 1 nM to 10 µM, and adjusted to protein
concentration determined by BCA method (Pierce). The ATP levels were expressed as relative ratio to
control.

EtBr uptake
After separated, retinas were immediately incubated in PBS containing 4 µM Ethidium Bromide (EtBr)
(Sigma-Aldrich, MO, USA) for 10 min at room temperature [21, 22]. Then the retinas were processed for
immunohistochemistry.

Intravitreal injection
Intravitreal injection was performed as our previous descriptions [19, 20, 23]. The pupil of the
anaesthetized animal was dilated with topiramate eye drops. NSC23766 (500 µM, Tocris Bioscience,
Bristol, UK), Gap26 (200 µM, ApexBio, Houston, USA), Gap19 (250 µM, Tocris Bioscience) or CGS 15943
(10 µM, Tocris Bioscience) dispersed in 2 µl 0.9% NS, were injected into the vitreous body of the eyes by
using a 30-gauge Hamilton micro-injector (Hamilton, Reno, NV, USA) under a stereoscopic microscope
(Carl Zeiss, Oberkochen, Germany). Same volume of NS was injected in the control mice.

Intraperitoneal injection of clodronate liposomes
Chlodronate liposomes (Clo-lip) (50 mg/ml) and control (PBS) liposomes (PBS-lip) (liposoma B.V.,
Amsterdam, The Netherlands) were intraperitoneally injected with 10 mg/kg. Seven days later, the retinas
were collected for subsequent experiments.

Virus injection
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GFAP-Cre-AAV and GFP-AAV (control) were purchased from OBiO Technology (Shanghai, China). The
viruses were injected into the retina under Olympus ZS61 microscope (Olympus, Tokyo, Japan) using
Nanoject II micro-injector (Drummond Scientific Company, Broomall, PA, USA) with a micropipette of 10–
30 µm tip size, respectively. Rac1 conditional knockout in astrocytes was generated by sub-retinal
injection of GFAP-Cre-AAV (2 µl, 1.36 ×1013 v.g./ml) in Rac1flox/flox mice. An equal volume of GFP-AAV
(empty vector) was injected in Rac1flox/flox mice as controls. Three weeks later, the subsequent
experiments were carried out.

Fluorescence imaging of ATP sensors
AAV2-EFS-DIO-ATP1.0 (Vigene Bioscience, Maryland, USA) is a genetically encoded G protein-coupled
receptor (GPCR)-activation-based (GRAB) sensor for ATP (GRABAtp), in which the amount of extracellular
ATP is indicated by the intensity of fluorescence produced by green fluorescent protein (GFP) [24]. The
AAV viruses were injected into retinas of hGFAP-cre mice 3 weeks before the other operations. NS or
NSC23766 was injected into the vitreous body one day before the COH operation. The retinas were
collected at G1w and immediately incubated in pre-oxygenated artificial cerebral spinal fluid (ACSF)
solution [17]. The area with fluorescent signals was selected for shooting as fast as possible to keep the
retinal cells alive in the Nikon Live Cell Workstation (Nikon Corporation, Tokyo, Japan). Immunostaining
images were analyzed by Image-Pro Plus software (Image-Pro Plus, RRID:
https://scicrunch.org/resolver/SCR_007369, Media Cybernetics, Inc. USA). The average fluorescence
intensity for a single cell was represented by IOD (Integrated Optical Density)/cell area.

Statistical analyses
All data in this study are presented as the mean ± SEM. GraphPad Prism (version 6.0; GraphPad Software,
San Diego, CA, USA) was used to analyze the data. The differences between two groups were compared
by two-tailed unpaired t-test. One-way ANOVA with Tukey’s multiple comparison test was used to
compare data from multiple groups. In all tests, P values of less than 0.05 were considered statistically
significant.

Results

Cx43 is mainly expressed in astrocytes in mouse retina
We first examined the expression and distribution of Cx43 in mouse retina. Figure 1 shows that Cx43 was
mainly distributed in the retinal nerve fiber layer (NFL). Double immunostaining further showed that Cx43
was not co-labeled with brain-specific homeobox/POU domain protein 3A (Brn3a), a marker of RGCs
(Fig. 1A, a1-a3), but was predominantly co-labeled with glial fibrillary acidic protein (GFAP), a marker of
astrocytes (Fig. 1B, b1-b3). A small amount of Cx43 was expressed in the end-feet of Müller cells, as
shown the co-localization of Cx43 and glutamine synthase (GS, a marker of Müller cells) in the NFL
(Fig. 1C, c1-c3), and in microglia labeled by ionized calcium binding adapter molecule 1 (Iba-1) in the
inner plexiform layer (IPL) (Fig. 1D, d1-d3).
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Up-regulation of Cx43 phosphorylation in COH retinas
Dynamic changes in the protein levels of total and phosphorylated Cx43 in COH retinas were then
examined. The COH mouse model was successfully produced, with the IOPs in the operated eyes ranging
from 14.9 ± 0.3 mmHg at G4d (n = 41, all P < 0.001) to 17.7 ± 0.4 mmHg at G4w (n = 28, all P < 0.001),
which was significantly higher than that of 0d or the corresponding un-operated eyes (9.93 ± 0.02, n = 
141), and the sham-operated eyes (9.91 ± 0.02, n = 150) (Fig. 2A).

The phosphorylation of Cx43 at Ser373 site (p-Cx43Ser373) and at Ser368 site (p-Cx43Ser368) are two
important modulated ways, which may affect Cx43 hemichannel functions [25–29]. In our COH retinas,
total protein levels of Cx43 were significantly decreased at G4d and G1w (n = 6, P < 0.01 and 0.001 vs.
control (Ctr), respectively), then returned to the control levels at G2w and G3w, and decreased again at
G4w (n = 6, P < 0.01 vs. Ctr) (Fig. 2B, C). The expression of p-Cx43Ser373 was significantly decreased at
G1w (n = 6, P < 0.05 vs. Ctr) and then quickly returned to the control levels (Fig. 2B, D), while the levels of
p-Cx43Ser368 did not show significant change as compared with Ctr at G4d and G1w, followed by
significant decrease from G2w to G4w (n = 6, P < 0.05 and 0.01 vs. Ctr) (Fig. 2B, E). These changes
resulted in a significant increase of the ratio of p-Cx43Ser373/Cx43 (red dash line) at G4w (P < 0.001)
(Fig. 2D) and an up-regulation of the ratio of p-Cx43Ser368/Cx43 (red dash line) at G4d and G1w (P < 0.01
and 0.001, respectively) (Fig. 2E). Since Cx43 proteins only expressed on cell membrane could form
functional hemichannels, we further detected the Cx43 protein levels in the membrane component. As
shown in Fig. 2F-I, changes of Cx43, p-Cx43Ser373, p-Cx43Ser368, ratios of p-Cx43Ser373/Cx43 and p-
Cx43Ser368/Cx43 in membrane proteins of COH retinas were basically consistent with those in total retinal
proteins, suggesting that the functions of Cx43 hemichannels were modulated after IOP elevation.

Dynamic changes of Cx43 expression caused by astrocyte
plasticity in the ONH of COH mice
In the ONH, astrocytes form functional syncytia through the gap junctions constructed by Cx43, thereby
communicating with RGCs and maintaining the ion and metabolic homeostasis of RGCs [10]. To test
whether astrocytes may be responded to the changes of Cx43 after IOP elevation, we examined the
activation of astrocytes in COH retinas by c-Fos immunostaining, an immediate early gene. As shown in
Fig. 3, weak c-Fos positive fluorescent signals were detected in the ONH of sham-operated retinas
(control, Ctr) (Fig. 3A, a1), and more c-Fos positive signals appeared at G4d in COH mice and then the
number of positive signals was progressively increased until G4w (Fig. 3Bb1, 3Cc1, 3Dd1, 3Ee1, and
3Ff1). The c-Fos positive signals were co-located with GFAP (Fig. 3Bb3, 3Cc3, 3Dd3, 3Ee3, and 3Ff3). In
addition, the cells in the inner and outer nuclear layers (INL and ONL) began to be activated at G1w, and
the c-Fos positive signals in RGCs were seen from G2w (Fig. 3D-3F, arrows). These results suggest the
astrocyte activation was prior to neurons in COH retinas. The increased protein levels of GFAP indicate
that macroglial cells were activated after IOP elevation in COH retinas (n = 6, P < 0.05∼0.001 vs. Ctr)
(Fig. 3G, H).
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Then, we detected the astrocyte plasticity in the ONH after IOP elevation. Growth-associated protein 43
(Gap43), an activity-dependent plasticity protein [30], is implicated in axonal plasticity and regeneration
[31]. We first identified the glial cell types that express Gap43 in the ONH. Our results showed that Gap43
was mainly expressed in astrocytes labeled by GFAP (Fig. 4A), scarce in Müller cells labeled by GS
(Fig. 4B), less in oligodendrocytes labeled by O4 (Fig. 4C) and microglia labeled by Iba-1 (Fig. 4D). We
then detected the expression of Cx43 in the Gap43 positive cells by double immunostaining (Fig. 4E).
Although the number of Gap43 labeled cells kept unchanged during the whole period of IOP elevation
(G4d-G4w) (n = 5 ~ 6, P > 0.05 vs. Ctr) as compared with the controls (Fig. 4E, F), the fluorescent intensity
of Gap43 was increased in COH retinas (Fig. 4E, e8-e12). The number of Gap43 and Cx43 double labeled
cells was significantly decreased from G4d to G2w in COH retinas (n = 5 ~ 7, P < 0.05 and 0.01 vs. Ctr),
and then returned to the control levels (Fig. 4E, G). Similarly, Western blotting experiments showed that
the protein levels of Cx43 in the ONH were decreased from G4d to G2w (n = 5, P < 0.01 vs. Ctr) (Fig. 4H, I).
These results suggest that the plasticity of astrocytes in the ONH may cause the reduced expression of
Cx43 during IOP elevation.

Rac1 regulates astrocyte response in COH retinas
The regulation of cytoskeleton and differentiation is involved in the plasticity of astrocytes. Previous
studies have shown that Rac1, a GTPase of the Rho family, was specialized in the regulation of actin
cytoskeleton dynamics [32, 33], which was involved in the pathogenesis of glaucoma. We examined
whether Rac1 may be involved in the regulation of astrocyte activation in COH retina. As shown in Fig. 5A
and 5B, the ratio of active Rac1 to Rac1 in COH retina was significantly increased at G4d and G3w (n = 6,
P < 0.01 and 0.001 vs. Ctr, respectively), similar to our previous report [16]. Additionally, the expression of
GFAP was increased in COH retina (normal saline (NS) G1w) (n = 6, P < 0.001 vs. Ctr), which could be
largely reversed by NSC23766 (NSC) administration, an inhibitor of Rac1 (n = 6, P < 0.001 vs. Ctr and NS
G1w) (Fig. 5C, D). IOP elevation in COH retina induced morphological changes of astrocyte from the
smaller cell bodies with slender processes in control condition to the larger cell bodies with more
branches and hypertrophic protrusion. These morphological changes of astrocytes could be partially
reversed by the Rac1 inhibitor NSC23766 (n = 5, P < 0.001 vs. Ctr, P < 0.01 vs. NS G1w group) (Fig. 5E, F).
Furthermore, inhibition of Rac1 by NSC23766 significantly increased the EtBr uptake of astrocytes in COH
retinas (n = 6, P < 0.01 vs. NS G1w group), suggesting that Rac1 regulates the permeation of
hemichannels in astrocytes. The increased permeation mediated by Rac1 inhibition was blocked by the
Cx43 inhibitor Gap26 (n = 6, P < 0.05 vs. NSC G1w group), further demonstrating that it was the
hemichannels mediated the EtBr uptake in astrocytes (Fig. 5G, H).

The above results show that changes in expression of Rac1 in COH retinas are opposite to those of Cx43.
It is possible that Rac1 may regulate the expression of Cx43. To test this possibility, the Rac1 inhibitor
NSC23766 was intravitreally injected 2 days prior to the operation of COH model. As shown in Fig. 6A and
6B, the total protein levels of Cx43 were significantly increased in COH retinas when Rac1 was inhibited
(n = 6, P < 0.001 vs. NS G1w). At the same time, the expression of p-Cx43Ser373 was increased (Fig. 6A and
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6C), while the expression of p-Cx43Ser368 was decreased (n = 5, P all < 0.05 vs. NS G1w) (Fig. 6A and 6D).
Furthermore, the protein levels of Cx43 in membrane component were also significantly increased (n = 7,
P < 0.001 vs. NS G1w). PAK1 is a downstream molecule of Rac1. Pre-injection of the Rac1 inhibitor
NSC23766 significantly reduced the protein levels of active Rac1 and p-PAK1 in COH retinas, which
resulted in decreased ratios of active Rac1/Rac1 and p-PAK1/PAK1 (n = 6, P < 0.01 and 0.05, respectively)
(Fig. S1, A-C). In addition, pre-injection of the PAK1 inhibitor IPA-3 (4 mg/kg, i.p.) significantly reduced the
protein levels of PAK1 and p-PAK1 in COH retinas (n = 6, P all < 0.001 vs. NS G1w) (Fig. S1, D-G).
Moreover, although pre-injection of IPA-3 did not affect the protein levels of Cx43, the protein levels of p-
Cx43Ser373 were up-regulated (n = 5, P < 0.001 vs. NS G1w) and the protein levels of p-Cx43Ser368 were
down-regulated (n = 6, P < 0.01 vs. NS G1w), similar to that of the Rac1 inhibition (Fig. 6G-J). Co-IP
experiments further revealed that there were interactions between Cx43 and active Rac1 or p-PAK1
(Fig. 6K, L). These results suggest that Rac1/PAK1 signaling pathway may directly regulate the
phosphorylation of Cx43.

Rac1-mediated ATP release from astrocytes
In COH retinas, extracellular ATP concentrations were progressively increased from G2w to G4w (n = 5∼7,
P < 0.05∼0.001 vs. Ctr) (Fig. 7A). However, when the ecto-ATPase inhibitor ARL67156 was added to the
tissue lysate to prevent ATP degradation, a significant increase of ATP concentration was also observed
at G4d and G1w (n = 6, P all < 0.01 vs. Ctr) (Fig. 7B), suggestive of a quick degradation of ATP at early
stage of IOP elevation. Furthermore, inhibiting the activation of Rac1 by NSC23766 promoted the release
of ATP at G1w and G2w (n = 6, P all < 0.01 vs. NS groups) (Fig. 7C, D), while inhibition of Cx43 by Gap26
or Gap19 significantly reduced the ATP levels (n = 6, P < 0.05 and 0.01, respectively) (Fig. 7C, D),
suggesting that Rac1 regulates ATP release in COH retinas through affecting Cx43 hemichannels. Cx43 is
expressed on astrocytes, Müller cells and microglia. In order to determine whether inhibition of Rac1
increase ATP release from microglia, a single dose of clodronate liposomes (Clo-lip) was intraperitoneally
injected one day before the COH operation to remove microglia. Clo-lip treatment could remove about
66.1 ± 2.9 % of microglia in retina (Fig. S2). Figure 7E shows that removing retinal microglia did not affect
the increased ATP levels caused by the Rac1 inhibitor NSC23766 in COH retinas, indicating that microglia
was not the source of Rac1-mediated ATP release (Fig. 7E). In order to identify whether ATP may be
released from astrocytes, the AAV2-EFS-DIO-ATP1.0 probe was injected into the retinas of GFAP-Cre mice
to make the ATP probe express specifically in astrocytes (Fig. 7F). Three weeks after the AAV injection,
NSC23766 was intravitreally injected before the COH operation. The fluorescent signals of GFP were
detected in the living retina at G1w. We observed that the Rac1 inhibitor NSC23766 significantly increased
the fluorescent signal density (n = 45 cells of 3 retinas, P < 0.001), as compared with the controls (NS) (n 
= 43 cells of 3 retinas) (Fig. 7G, H). These results indicate that GFAP-positive astrocytes contribute to the
increased extracellular ATP concentrations.

We then explored whether conditional knockout of Rac1 in astrocytes may affect Cx43-mediated ATP
release. Rac1 knockout in astrocytes was constructed by intravitreally injecting GFAP-Cre-AAV into
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Rac1flox/flox mice. The efficiency of Rac1 knockout in astrocytes was shown in Fig. S3. Compared with
GFP-AAV-injected group, the number of GFAP and Rac1 co-localized positive signals was reduced in
GFAP-Cre-AAV injected group (Fig. S3). The protein levels of Cx43 were increased in COH retinas at G1w
in the Rac1 conditional knockout mice (n = 6, P < 0.01 vs. GFP-AAV group) (Fig. 7I, J), and the ATP
concentrations were also increased in COH retinas of the Rac1 conditional knockout mice (Fig. 7K).

Rac1-mediated ATP release increases the survival of RGCs
in COH retinas
What’s the role of the Rac1-mediated ATP release from astrocytes on RGC survival in glaucoma? We
assayed the survival of RGCs by Brn3a immunostaining in whole flat-mounted retinas. Figure 8A shows
representative images obtained from central and peripheral areas of retinas at the same angle (Fig. 8B).
The average number of RGCs in both the central and peripheral areas of COH retinas at G1w was
significantly increased in the Rac1 conditional knockout mice (n = 5, P < 0.001 and 0.01 vs. GFP AAV
group, respectively), which could be blocked by Gap26 administration (n = 6, P < 0.001 and 0.05 vs. GFAP
Cre AAV group, respectively) (Fig. 8C). These results suggest that conditional knockout of Rac1 in
astrocytes may increase RGC survival through modulating Cx43.

We then explored how conditional knockout of Rac1 in astrocytes protects RGCs in COH retina. As shown
in Fig. 8D, adenosine A1 receptor (A1R) and A3 receptor (A3R) were expressed in Brn3a-positive RGCs.
IOP elevation did not change the expression of A1R (d2) and A3R (d5). Similar results were observed
when Rac1 was inhibited by the NSC23766 injection in COH retinas (Fig. 8D, d3). However, injection of
NSC23766 remarkably augmented the expression of A3R in Brn3a-positive RGCs in COH retinas (Fig. 8D,
d6), which was further confirmed in conditional knockout of Rac1 in astrocytes (Fig. 8E). Furthermore, in
the Rac1 conditional knockout mice, intravitreal injection of CGS 15943, an adenosine receptor
antagonist, partially attenuated the increase in the number of Brn3a positive RGCs in both central and
peripheral areas of COH retinas (n = 6, P < 0.01 and 0.001 vs. GFAP AAV Cre groups, respectively) (Fig. 8F-
H). All these results suggest that Rac1-mediated ATP release increases the survival of RGCs through
activating adenosine receptors.

Discussion

Dynamic changes of Cx43 hemichannels in astrocytes of
COH retinas
Cx43 is the most widely studied gap-junction forming protein in the central nervous system (CNS), which
is specifically expressed in astrocytes. Previous studies have shown that Cx43 was expressed in retinal
Müller cells [6] and microglia [34]. In this study, we clearly showed that Cx43 proteins were expressed and
distributed in the cells of the NFL and GCL, which were mainly co-localized with the astrocyte marker
GFAP and sparsely presented in the end-foot of Müller cells and microglia (Fig. 1). In COH retinas, the
expression of Cx43 showed biphasic down-regulation (at G4d to G1w, and G4w) (Fig. 2). Indeed, dynamic
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changes in Cx43 expression were observed in various diseases. For example, the increased expression of
Cx43 was observed in cerebral hypoxic preconditioning, hippocampal seizures, and human epileptic and
drug-resistant cerebral cortex [35–37]. Down-regulation of Cx43 was also reported in heart failure [38, 39]
and cerebral ischemia/reperfusion [40]. The different expression pattern of Cx43 may be due to tissue
specificity and different pathological process [41].

The detailed mechanisms underlying downregulation of Cx43 in glaucomatous retina are not clear. We
speculate that the changes of Cx43 may be associated with the plastic changes of astrocytes during IOP
elevation. Firstly, in response to IOP elevation, astrocytes were activated and underwent morphologic and
functional changes (Fig. 3). Gap43 protein is a marker of activity-dependent plasticity in astrocytes [30].
The immunofluorescent densities of Gap43 in astrocytes of COH retinas were significantly increased
(Fig. 4E), indicating an increased activity of astrocytes. In Gap43-positive astrocytes, the expression of
Cx43 was reduced (Fig. 4E, G). Secondly, during plastic changes in response to IOP elevation, astrocytes
underwent structural remodeling and Cx43 may be re-distributed, which may require, at least, transient
breakdown of Cx43 gap junctions [42]. Thirdly, the degradation of Cx43 in glaucoma may be accelerated.
In response to the elevated pressure, epidermal growth factor receptor (EGFR) was activated, leading to
decrease of gap junction intercellular communication (GJIC) via tyrosine phosphorylation of Cx43 in ONH
astrocytes [10], and inducing the binding of ubiquitin and target Cx43 to increase the internalization and
degradation of Cx43 in a proteasome-dependent manner [43]. It was reported that epidermal growth
factor (EGF) indeed induced a down-regulation of Cx43 expression in cultured rat cortical astrocytes [44].

The phosphorylation of Cx43 is crucial to regulate the function of gap junctions, trafficking and assembly
of connexins [45]. Phosphorylation of Cx43 at S368 results in Cx43 internalization and down-regulation
of GJIC [43], while phosphorylation at S373 induces an acute increase in gap junction size [46] and an
enhancement of channel formation [47]. In this study, we showed that p-Cx43S368/Cx43 was elevated at
the early stage, and p-Cx43S373/Cx43 was significantly increased at late stage both in total and
membrane component of retinal proteins in COH retinas, suggesting that in response to IOP elevation,
Cx43 hemichannels in astrocytes may be modulated, thus affecting the function of Cx43. In addition,
inhibition of PAK1 increased the levels of p-Cx43S373 and decreased the levels of p-Cx43S368 in COH
retinas (Fig. 6G-J). It was reported that the levels of p-Cx43Ser373 may indicate the open of the channel
and the levels of p-Cx43Ser368 may present the close of channel [25–29]. The Rac1/PAK1 mediated
changes in phosphorylated states of Cx43 may increase ATP release from astrocytes at early stage of
IOP elevation. It should be noted that the relative levels of p-Cx43Ser368 were increased at G4d and G1w in
COH retinas (Fig. 2E), however, extracellular ATP concentrations were still increased (Fig. 7B). We
speculate that in case of onset of IOP elevation, mechanical pressure triggered ATP release from
astrocytes is not in a linear manner with Cx43 expression since Cx43 may undergo a rearrangement.
Inhibition of Rac1 could remodel the state of astrocytes and maintain the syncytial body of astrocytes in
a state of coordinated response, which provides mechanical stability to against pressure [48]. At this time,
the state of Cx43 hemichannels is linearly regulated for ATP release. The detained mechanisms remain to
be explored in the future studies.
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Rac1 modulates ATP release from astrocytes through Cx43
in COH retinas
Increasing evidence shows the importance of the Rho family in gap junction formation [12–15]. We
showed that IOP elevation induced a biphasic upregulation in Rac1 activity, as evidenced by increased
ratio of active Rac1/Rac1 (Fig. 5). It should be noted that the increase of Rac1 activity was consistent
with the decrease of Cx43 expression in time course. We provide robust evidence demonstrating that
changes in Cx43 expression of astrocytes in COH retina was caused by Rac1 activation. Inhibition of
Rac1 or deletion of Rac1 in astrocytes negatively regulated the expression and function of Cx43 (Figs. 5
and 6). Inhibition of the Rac1 downstream molecule PAK1 reversed the IOP elevation induced changes in
p-Cx43Ser368 and p-Cx43Ser373 in COH retinas, resulting in Cx43 hemichannels in an open state. Co-IP
experiments demonstrated the interactions of Rac1/PAK1 with Cx43 (Fig. 6). Indeed, the interaction of
PAK1 and Cx43 was found in cardiac myocytes, and activated PAK1 may dephosphorylate Rac1 in a
negative feedback manner [49], and selectively released Rac1 from the TrkB.T1-associated RhoGDI by
binding and phosphorylating RhoGDI [50]. Constitutive activated Rac1 may result in redistribution of
Cx43 [14]. As a signal transduction hub, Rac1 may mediates N-cadherin signals that regulated the
localization of Cx43 in aligned cardiac myocytes [12]. The interaction of Cx43 and Rac1 could be
regulated by Mena, a member of the Ena/VASP family [14]. Additionally, it was reported that Rac1 can be
activated by cAMP/PKA signaling [51–53], and elevated intracellular cAMP could increase Cx43
phosphorylation [54] and gap junction assembly [55]. In DBA/2J spontaneous glaucoma mice, cAMP
immunoreactivities in retinal astrocytes was increased, which may exacerbate astrocyte vulnerability to
oxidative stress [56]. Therefore, Rac1 may regulate the function of Cx43 in both direct and indirect
pathways in glaucoma.

Our results showed that the levels of extracellular ATP were increased in glaucomatous retinas (Fig. 7).
The sources of extracellular ATP may be from retinal neurons and glial cells since it was reported that
mechanical pressure can trigger the release of ATP from these cells [57]. In this study, we provide
evidence showing that Cx43-mediated ATP release in astrocytes of COH retina may be a main pathway.
Inhibiting Rac1 or conditional knockout of Rac1 in astrocytes increased ATP concentrations in COH
retinas, which could be blocked by the Cx43 inhibitors Gap26 and Gap19 (Fig. 7). However, partial
depletion of microglia had no significant affection on ATP release, excluding microglia-mediated ATP
release. It should be noted that Cx43 was also expressed in the endfeet of Müller cells (Fig. 1), and
conditional knockout of Rac1 in the GFAP-cre mice may also delete Cx43 expressed in Müller cells. In the
NFL, although the changes in ATP fluorescence signals acquired by ATP probe were mainly from
astrocytes (Fig. 7F), we cannot exclude ATP release from Müller cells, which remains to be studied in the
future. On the other hand, metabolic response after trauma can avoid energy deficiency of RGCs. In order
to alleviate the energy barrier of RGCs, excessive ATP is produced by abnormal mitochondrial oxidative
phosphorylation. At the same time, the overload of oxidative phosphorylation produces a large amount of
ROS, which is not conducive to the survival of RGCs [58]. When the intracellular ATP concentration is
increased, the state of Cx43 hemichannels has been usually adjusted to adapt the release of ATP. In
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addition, Rac1 also regulates the key enzymes of glycolysis and oxidative phosphorylation to affect the
release of ATP [59, 60].

Rac1/Cx43/ATP/A3R signaling-mediated the cross-talk
between astrocytes and RGCs in COH retinas
ATP exerts its functions through two pathways, directly stimulating purinergic receptors and indirectly
stimulating adenosine receptors after being converted to adenosine by extracellular ectonucleotidases
(ecto-ATPase) [61, 62]. There is evidence demonstrating that ATP can induce retinal neuronal death by
activating P2X7 receptor (P2X7R) [63]. In contrast, adenosine could provide neuroprotective by
stimulating adenosine A1R and A3R [64, 65]. Therefore, the net effect of increased extracellular ATP on
RGC survival in COH retina depend on the balance of ATP and adenosine [63]. In this study, we showed
that in the presence of ecto-ATPase inhibitor ARL 67156, IOP elevation induced an increase in
extracellular ATP levels and Rac1 deletion in astrocyte further promoted the increase. However, under the
conditions of without the presence of ARL 67156, ATP concentrations only showed an increase tendency
at the early stage of IOP elevation (G4d and G1w), suggesting that ATP may be rapidly degraded to
adenosine. At the same time, adenosine A3R expression in RGCs was increased. These factors may
together contribute to increased RGC survival in COH retina, at least in the early stage of glaucoma.
Inhibition of Rac1 or Rac1 deletion in astrocyte increased the expression of Cx43 and ATP release, which
may further increase adenosine, thus providing neuroprotective effect (Fig. 8). It is noteworthy that
progressive IOP elevation induced higher levels of ATP (Fig. 7A), which may contribute RGC damage by
stimulating P2X7R [63, 66, 67].

Additionally, the effects of astrocytes on retinal neurons may also depend on the functional states of
astrocytes. Acute stress changes the structure and function of astrocytes, such as inducing cell
hypertrophy, and reducing the gap junction coupling between cells, which result in the individual
astrocytes separating themselves from the network, thus reducing their ability to supply energy for
neurons [68]. Inhibition of Rac1 or conditional knockout of Rac1 increased the expression of Cx43,
remodeled astrocytes and reduced the reactivity of astrocytes. Cx43-mediated astrocyte metabolic
network as an endogenous mechanism can alleviate the bio-energy stress in the stress response [69].

In conclusion, our results provide robust evidence demonstrating that Cx43 are mainly expressed in
retinal astrocytes. IOP elevation in mouse COH model induces astrocyte activation, which results in
decreased expression of Cx43 and upregulated levels of p-Cx43. Conditional knockout Rac1 in astrocytes
enhances ATP release through Cx43 hemichannels, which promotes RGC survival at early stage of
glaucoma through modulating adenosine receptors. These results, together with our previous report [16],
suggest that modulation of Rac1 may be a potential strategy of neuroprotection in glaucoma.
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Figure 1

Expression and distribution of Cx43 in mouse retina. (A-D) Double-immunofluorescence staining showing
the co-localization of Cx43 with Brn3a, a marker of RGCs (A), GFAP, a marker of astrocytes (B), GS, a
marker of Müller cells (C), or Iba1, a marker of microglial cells (D), in retinal vertical sections. a1-a3, b1-b3,
c1-c3, and d1-d3 are the enlarged images of the white squares in A, B, C, and D, respectively. Scale bars:
10 µm. Arrows indicate double labeled immunofluorescent signals. Abbreviations: Brn3a, brain-specific
homeobox/POU domain protein 3A; GFAP, glial fibrillary acidic protein; GS, glutamine synthetase; Iba1,
ionized calcium binding adapter molecule 1; GCL: ganglion cell layer; IPL: inner plexiform layer; INL: inner
nuclear layer, OPL: outer plexiform layer; ONL: outer nuclear layer.
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Figure 2

Changes in protein levels of Cx43 and phosphorylated Cx43 in COH retinas. (A) Changes of IOP in both
eyes of COH mice. ***P < 0.001 vs. 0d, and ###P < 0.001 vs. unoperated eyes (left eyes) at the same time
point. (B-E) Representative immunoblots obtained at different times after the operation showing the
changes of Cx43, p-Cx43ser373, and p-Cx43ser368 protein levels (B). Average relative densities of
immunoreactive bands of these proteins are shown in C-E, respectively. All data are normalized to their
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corresponding β-actin and then to the controls (Ctr). Red dash lines indicate the ratios of p-
Cx43Ser373/Cx43 (D) and p-Cx43Ser368/Cx43 (E). (F-I) Representative immunoblots obtained at
different times after the operation showing the changes of Cx43, p-Cx43ser373, and p-Cx43ser368 protein
levels in cell membrane component (F). Average relative densities of immunoreactive bands of these
proteins are shown in G-I, respectively. All data are normalized to their corresponding NaKATP and then to
Ctr. Red dash lines indicate the ratios of p-Cx43Ser373/Cx43 (H) and p-Cx43Ser368/Cx43 (I). n = 5~7. *P
< 0.05, **P < 0.01, and ***P < 0.001 vs. Ctr. One-way ANOVA with Tukey’s multiple comparison test.

Figure 3

The activation of astrocytes in the COH retinas. (A-F) Double-immunofluorescence staining showing c-
Fos (red) and GFAP (green) expression in mice retinal vertical slices taken from the ONH of sham-
operated retina (Ctr) (A), and those obtained at different post-operational times (G4d, G1w, G2w, G3w, and
G4w) (B-F). Scale bar: 50 µm for all images. Arrows indicate c-Fos expression in RGCs. (G, H)
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Representative immunoblots obtained at different times after the operation showing the changes of
GFAP expression (G). Average relative densities of immunoreactive bands of GFAP are shown in H. All
data are normalized to their corresponding β-actin data and then to Ctr. n = 6 for each group. *P < 0.05,
**P < 0.01, and ***P < 0.001 vs. Ctr. One-way ANOVA with Tukey’s multiple comparison test.

Figure 4
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Change of astrocyte plasticity may lead to decrease of Cx43 expression in the ONH of COH mice. (A-D)
Micrographs showing double-immunostaining of Gap43 expression in astrocytes labeled by GFAP (A, a1-
a3), Müller cells labeled by GS (B, b1-b3), oligodendrocytes labeled by O4 (C, c1-c3), microglia labeled by
Iba1 (D, d1-d3) in the ONH of mice. a4-d4 are the enlarged images of the white squares of a3-d3,
respectively. Scale bars: 10 µm. (E) Micrographs showing double-immunostaining of co-localization of
Gap43 and Cx43 in the ONH taken from control (Ctr) mice (e1) and those at different post-operational
times (G4d-G4w) (e2-e6). Scale bars: 20 µm. e7-e12 are the enlarged images of the white squares of e1-
e6, respectively. Scale bar: 10 µm. (F) Bar charts showing the average number of Gap43 labeled
cells/mm2 in the ONH of mice under different conditions as shown in E. (G) Bar charts showing the
average number of Gap43 and Cx43 double-labeled cells/mm2 in the ONH of mice under different
conditions as shown in E. n = 5~7. *P < 0.05 and **P < 0.01 vs. Ctr. (H, I) Representative immunoblots (H)
and the densitometric quantification (I) showing the changes of Cx43 protein expression in the ONH of
control (Ctr) mice and COH mice at different post-operational times (G4d-G4w). All data are normalized to
their corresponding β-actin and then to Ctr. n = 5. **P < 0.01 vs. Ctr. One-way ANOVA with Tukey’s multiple
comparison test. Abbreviations: GFAP, glial fibrillary acidic protein; GS, glutamine synthetase; O4, an
antigen on the surface of oligodendrocyte progenitors; Iba1, Ionized calcium binding adapter molecule 1;
Gap43, growth-associated protein 43.
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Figure 5

Rac1 regulates astrocyte activity and Cx43 hemichannel permeation. (A, B) Representative immunoblots
(A) and the densitometric quantification (B) showing the changes of active Rac1 and Rac1 expression
levels in retinal homogenates of control (Ctr) mice and COH mice at different post-operational times (G4d-
G4w). (C, D) Representative immunoblots (C) and the densitometric quantification (D) showing the
changes of GFAP levels in retinas of control (Ctr) mice, and COH mice at G1w with normal saline (NS) (NS
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G1w) or NSC23766 (NSC G1w) injections. All data are normalized to their corresponding β-actin and then
to Ctr. n = 6 for all the groups. **P < 0.01, ***P < 0.001 vs. Ctr. ###P < 0.001 vs. NS G1w. One-way ANOVA
with Tukey’s multiple comparison test. (E) Representative images showing the GFAP
immunofluorescence, taken from whole flat-mounted retinas of Ctr (e1), NS G1w (e2) and NSC23766 G1w
(e3) groups. Scale bar: 50 µm. (F) Bar charts summarizing the relative integrated optical density (IOD) of
GFAP immunofluorescence under different conditions as shown in E. Eight regions in each retina were
selected from both central and peripheral regions for analysis. n = 5 for all the groups. ***P < 0.001 vs.
Ctr. ##P < 0.01 vs. NS G1w. (G) Representative images showing the hemichannel activity as measured by
ethidium bromide (EtBr) uptake (red) in astrocytes, taken from whole flat-mounted retinas of COH mice at
G1w with NS (NS G1w) (g1), NSC23766 (NSC G1w) (g2) and NSC23766+Gap26 (NSC+Gap26 G1w) (g3)
injections. g4-g6 are the enlarged images of the white squares in g1, g2, and g3, respectively. Scale bar:
50 µm. (H) Bar charts summarizing the changes in average number of the labeled cells of EtBr uptake in
astrocytes under different conditions as shown in G. Eight regions in each retina were selected from both
central and peripheral regions for analysis. n = 6~7. **P < 0.01 vs. NS G1w. #P < 0.05 vs. NSC G1w. One-
way ANOVA with Tukey’s multiple comparison test.
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Figure 6

Rac1 regulates Cx43 expression through Pak1. (A-D) Representative immunoblots (A) and the
densitometric quantification (B-D) showing the changes of Cx43, p-Cx43Ser373, p-Cx43Ser368 levels in
COH retinas at G1w with normal saline (NS) and NSC23766 (NSC) injections. (E, F) Representative
immunoblots (E) and the densitometric quantification (F) showing the changes of Cx43 levels in
membrane component of COH retinas at G1w with NS and NSC23766 (NSC) injections. (G-J)
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Representative immunoblots (G) and the densitometric quantification showing the changes of Cx43 (H),
p-Cx43Ser373 (I), and p-Cx43Ser368 (J) in COH retinas with NS and IPA-3 injections. Data are first
normalized to their corresponding β-actin (or NaKATP) and then to NS. n = 5~7. *P < 0.05, **P < 0.01, and
***P < 0.001 vs. NS. Two-tailed unpaired t-test. (K, L) Co-IP experiments showing the interactions of Cx43
with p-PAK1 (K) or active Rac1 (L) in retinas of Ctr and COH at G1w. Bands of p-PAK1 at the location
corresponding to 61 kDa were detected using the antibody against Cx43. Bands of active Rac1 at the
location corresponding to 28 kDa were detected using the antibody against Cx43.
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Figure 7

Inhibiting Rac1 or conditional knockout of Rac1 in astrocytes increases ATP release. (A, B) Changes in
ATP levels assayed by luciferin-luciferase method in retinas of control (Ctr) and COH mice at different
post-operational times without (A) or with (B) the addition of the ecto-ATPase inhibitor ARL67156. All
data are normalized to Ctr. n = 5~7. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. Ctr. One-way ANOVA with
Tukey’s multiple comparison test. (C, D) Changes in ATP levels in COH retinas at G1w (C) or G2w (D) with
normal saline (NS), NSC23766 (NSC), NSC23766+Gap26 (NSC+Gap26), and NSC23766+Gap19
(NSC+Gap19) injections, respectively. All data are normalized to NS groups. n = 6 for all the groups. **P <
0.01 vs. NS; #P < 0.05 and ## P <0.01 vs. NSC. One-way ANOVA with Tukey’s multiple comparison test.
(E) Changes in the ATP levels in COH retinas with or without microglia deletion by clodronate liposomes
(Clo-Lip) at G1w. n = 6. Two-tailed unpaired t-test. (F) Representative images of immunostaining for GFAP
and GFP (labeled ATP sensor), taken from whole flat-mounted retina with injections of AAV2-EFS-DIO-
ATP1.0 probe in the hGFAP-Cre mice. Scale bar: 20 µm. Arrows indicate the double immunofluorescent
labeling of GFAP and GFP in astrocytes. (G, H) Representative images (G) and the average intensity of
GFP fluorescence signals (H) in COH retinas at G1w with NS (g1) or NSC (g2) injections, taken from
whole flat-mounted retinas with injections of AAV2-EFS-DIO-ATP1.0 probe in the hGFAP-Cre mice. Scale
bar: 30 µm. Arrows indicate the increased ATP fluorescence signals (green). n = 43~45 cells of 3 mice.
***P < 0.001 vs. NS. (I, J) Representative immunoblots (I) and the densitometric quantification (J)
showing the changes of Cx43 in COH retinas with sub-retinal injections of GFP-AAV or GFAP-Cre-AAV in
Rac1fl/fl mice. All data are normalized to GFP-AAV G1w. n = 6 for each group. **P < 0.01 vs. GFP-AAV
G1w. (K) Bar charts showing the average ATP levels in GFP-AAV G1w, GFAP-Cre-AAV G1w retinas of
Rac1fl/fl mice. All data are normalized to GFP group. n = 5 for each group. *P < 0.05 vs. GFP-AAV G1w.
Two-tailed unpaired t-test.
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Figure 8

Conditional knockout of Rac1 in astrocytes increases RGC survival through regulating adenosine
receptors in COH retinas. (A) Typical micrographs of Brn3a-positive RGCs captured from normal (Ctr) and
COH whole flat-mounted retinas at the same angle (0º) at G1w with injections of GFP-AAV, GFAP-Cre-AAV,
and GFAP-Cre-AAV+Gap26 in Rac1fl/fl mice, respectively. Images are taken from central (a1-a4) and
peripheral (a5-a8) regions. Scale bar: 50 µm for all images. (B) Diagrammatic sketch displaying the 8
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chose fields for evaluating RGC survival. (C) Quantification of Brn3a-positive RGCs under different
conditions as shown in A. n = 6 retinas for each group. **P < 0.01 and ***P < 0.001 vs. Ctr; #P < 0.05 and
###P < 0.001 vs. GFP-AAV G1w; &P < 0.05 and &&&P < 0.001 vs. GFAP-Cre-AAV G1w. One-way ANOVA
with Tukey’s multiple comparison test. (D) Double immunofluorescence staining showing the changes of
A1R (d1-d3) and A3R (d4-d6) expression in Brn3a-positive RGCs in retinal vertical slices taken from Ctr
mice and COH mice at G1w with NS and NSC23766 injections, respectively. Scale bars: 10 µm. (E) Triple
immunofluorescence staining showing the changes of A3R expression in Brn3a-positive RGCs in retinal
vertical slices taken from COH retinas at G1w with injections of GFP-AAV (e1-e4) and GFAP-Cre-AAV (e5-
e8) in Rac1fl/fl mice. Scale bars: 10 µm. (F) Typical micrographs of Brn3a-positive RGCs captured from
COH whole flat-mounted retinas at the same angle (0º) at G1w with injections of GFAP-Cre-AAV and
GFAP-Cre-AAV+CGS15943 in Rac1fl/fl mice, respectively. Scale bar: 50 µm. (G, H) Quantification of
Brn3a-positive RGCs under different conditions as shown in F. n = 6 retinas for each group. **P < 0.01 and
***P < 0.001 vs. GFAP-Cre-AAV G1w. Two-tailed unpaired t-test.
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