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ABSTRACT
Astrocytes in the retina and optic nerve head play an important role in the pathogenesis of glaucoma. Astrocytes extensively ex-
press connexin 43 (Cx43), a protein that forms gap junction (GJ) channels and transmembrane unopposed hemichannels. While 
it is well documented that Cx43 expression is augmented in retinal injuries, the role of astrocytic Cx43 channels in glaucomatous 
injury is not fully understood. Here, we used a mouse model of ocular hypertension caused by intracameral microbead injections 
and a more severe model, optic nerve crush (ONC) injury, and assessed changes in Cx43 expression and GJ channel function. 
The effect of astrocyte-specific deletion of Cx43 (Cx43KO) on retinal ganglion cell (RGC) loss and visual function was also as-
sessed. We show that the Cx43 expression is increased in retinal astrocytes at early time points and remained elevated even after 
sustained elevation of intraocular pressure (IOP) (~8 weeks), which paralleled an increase in astrocytic GJ coupling. Deletion of 
astrocytic Cx43 markedly improved the survival of RGCs by ~93% and preserved visual function as assessed by ERG and reduced 
numbers of activated microglial/macrophages in the glaucomatous retina. Cx43 expression was also substantially increased after 
ONC injury, and the absence of Cx43 in this model increased RGC survival by ~48%. These results reveal a deleterious role for 
Cx43 in glaucoma progression. Intravitreal injections of Gap19, a peptide that reportedly inhibits Cx43 hemichannels but not GJ 
channels, markedly increased RGC survival and visual function. Further studies are required to assess whether targeting Cx43 
hemichannels might be useful for glaucoma treatment.

1   |   Introduction

Glaucoma is a neurodegenerative disease characterized by pro-
gressive and irreversible loss of retinal ganglion cells (RGCs) and 
their axons that lead to vision impairment (Foster et al. 2002; 
Miller and Quigley 1988; Quigley et al. 1981). Elevated intraoc-
ular pressure (IOP) is considered a major risk factor in glauco-
matous injury, and consequently, the use of IOP-lowering drugs 
is a mainstay of therapy for glaucoma. However, a significant 
number of glaucoma patients continue to have progressive vi-
sion loss despite IOP-lowering treatments, emphasizing the 

need to identify alternate cellular mechanisms that contribute 
to the loss of RGCs and their axons.

A common feature of glaucoma is the reactivity of astrocytes 
in the retina and in the optic nerve head (ONH), a site of active 
tissue remodeling and axonal damage in glaucomatous injury. 
Astrocyte reactivity is characterized by increased expression 
of glial fibrillary acidic protein (GFAP), hypertrophy, invasion 
of axonal bundles, changes in the expression of extracellular 
matrix proteins, and release of cytokines. Depending on the 
injury type and time course of the insult, astroglial reactivity 
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appears to mediate both beneficial (Livne-Bar et al. 2017; Sun 
et  al.  2017) and detrimental (Dvoriantchikova et  al.  2009; 
Pekny and Pekna  2014; Pekny et  al.  2014) effects on RGC 
function. Gene profiling studies of reactive astrocytes indi-
cate that a subset of them adopts a neurotoxic phenotype in re-
sponse to chronic IOP elevation and optic nerve crush (ONC) 
(Guttenplan et al. 2020).

Astrocytes abundantly express connexin 43 (Cx43), a protein 
that forms gap junctions (GJs) as well as unapposed hemichan-
nels. GJs are formed when two connexin hemichannels dock 
together, leading to direct cell-to-cell communication, enabling 
transfer of metabolites and second messengers between adja-
cent astrocytes and other cells (Akopian et al. 2017, 2019; Slavi 
et al. 2018; Toychiev et al. 2021). In contrast, Cx43 hemichan-
nels are mainly closed in physiological conditions (Contreras 
et al. 2003; Saez et al. 2005), but get activated in response to 
injury (e.g., hypoxia and ischemia) (Bennett et al. 2012; Calder 
et al. 2015; Contreras et al. 2002; Retamal et al. 2007). Their 
activation in such pathological conditions can cause the re-
lease of high levels of ATP and glutamate, leading to focal 
cytotoxicity via excessive purinergic or glutamatergic signal-
ing (Bennett et al. 2012; Contreras et al. 2002; Danesh-Meyer 
et  al.  2012; Davidson et  al.  2013b; Froger et  al.  2010; Kang 
et al. 2008; Orellana et al. 2011, 2012). Administration of Cx43 
hemichannel inhibitors reduces astrogliosis (Ren et al. 2018) 
and neuronal damage in neurodegenerative diseases (Gajardo-
Gomez et al. 2017; Wang et al. 2013; Yi et al. 2017).

It is well established that the expression of astrocytic Cx43 is 
increased in glaucomatous mice and in the retinal tissue of 
glaucoma patients (Danesh-Meyer et al. 2012; Kerr et al. 2011). 
The significance of this increased Cx43 expression, especially in 
long-term glaucomatous injury, is not fully understood. In ad-
dition, while the deletion of Cx43 in astrocytes does not affect 
glial or RGC function in the absence of injury (Slavi et al. 2018; 
Toychiev et  al.  2021), the impact of Cx43-mediated intercellu-
lar communication and/or hemichannel opening on RGC loss 
in glaucoma remains largely unexplored. Here we studied the 
effect of astrocytic Cx43 deletion on RGC survival in murine 
models of chronic ocular hypertension and acute ONC injury, a 
more severe model to induce RGC death.

We demonstrate that the elevation of IOP increases Cx43 ex-
pression and augments GJ coupling in astrocytes. Astrocyte-
specific deletion of Cx43 provides significant neuroprotection 
and preservation of visual function as assessed by electro-
retinogram (ERG) in glaucomatous mice. The absence of Cx43 
in astrocytes also reduces microglial activation in glaucoma 
but does not affect astrocyte reactivity. Similarly, ONC in-
jury increases Cx43 expression in the retina, and deletion of 
Cx43 significantly reduces RGC death. These results point to 
a vital contribution of astrocytic Cx43 to optic nerve damage. 
Finally, our results show that intravitreal injections of a pep-
tide corresponding to the cytoplasmic loop of Cx43 (Gap19), 
which is reported to selectively inhibit hemichannels and not 
GJ channels, markedly improve RGC survival and function. 
These results suggest that targeting Cx43 hemichannels might 
be a new therapeutic approach to the treatment of glaucoma; 
however, additional studies are required to further test this 
hypothesis.

2   |   Methods

2.1   |   Animals

All mice were housed at the State University of New York, 
College of Optometry, Department of Biology and Vision Science. 
All mouse strains had a C57BL/6J background. Animals of both 
sexes were used. The transgenic mouse strains that were used in 
this study are:

1.	 GFAP Cre: Cx43f/f: conditional knockout mice in which 
astrocytic Cx43 is deleted and are referred to as knockout 
(Cx43KO or KO) mice. mGFAP-Cre mice (Stock number 
012886) were purchased from Jackson Laboratories.

2.	 Cx43f/f: Cre negative Cx43 floxed (Stock number 008039, 
The Jackson Laboratory) mice were used as WT mice.

3.	 GFAP Cre: stopf/f tdTomato: Ai9 reporter mice (Stock 
number 007909, The Jackson Laboratory) (Madisen 
et  al.  2010) which express tdTomato fluorescence 
in GFAP-expressing cells following Cre-mediated 
recombination;

4.	 Cx43 f/f: GFAP Cre: stopf/f tdTomato: Astrocyte-specific 
Cx43KO mice that express tdTomato fluorescence.

2.2   |   Microbead Injections

The microbead occlusion model was used to achieve chronic 
elevation of IOP by injection of 10-μm-diameter polystyrene 
microbeads (Invitrogen) into the anterior chamber as pre-
viously described (Chen et  al.  2011; Sappington et  al.  2010). 
Mice were anesthetized with an intraperitoneal (i.p.) injection 
of a ketamine/xylazine mixture (70/7 mg/kg) and the cornea 
was punctured using a 30-gauge needle. The intracameral in-
jections were performed unilaterally with 3 μL of microbead 
suspension using a Nanofil syringe (World precision instru-
ments). An equivalent volume of sterile PBS was injected into 
the contralateral eyes to provide control (sham) measure-
ments. A second microbead injection was performed in the 
fourth week, which maintained IOP at an elevated level for 
at least 4 more weeks. IOP was measured using a rebound to-
nometer (TonoLab; Colonial Medical Supply). Measurements 
were made within 1–3 min after the i.p. injection of the ket-
amine/xylazine mixture and topical application of 0.5% propa-
racaine. Subsequent weekly measurements were performed 
around the same time of day (± 30 min). Each weekly IOP 
measurement was averaged from five readings (5 × 6 = 30) for 
each eye. Enucleations were performed at 4 and 8 weeks after 
the initial microbead injection, and retinas were isolated and 
assessed. In initial studies, we assessed whether contralateral 
eyes exhibited any changes compared to naïve eyes and found 
no significant difference between the two groups. Therefore, 
contralateral eyes were used as controls unless specified.

2.3   |   Optic Nerve Crush Lesion

ONC lesion was inflicted by a previously described method 
(Isenmann  1997; Wohl  2011). Mice were anesthetized with 
an i.p. injection of a ketamine/xylazine mixture (70/7 mg/
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kg). The optic bulb was protruded carefully, and the ON 
~0.5–1 mm behind the eyeball was mechanically squeezed 
with fine, curved forceps for 5 s. ONC was done carefully not 
to disrupt the retinal blood supply. Animals were monitored 
on a heated pad for 2 h or until they recovered from anesthe-
sia. Animals with signs of ischemia (hemorrhage, cloudy cor-
nea, etc.) were excluded. Unoperated contralateral eyes were 
used as controls.

2.4   |   Intravitreal Injection of Hemichannel 
Inhibitor Gap 19

Mice were anesthetized with an (i.p.) injection of a ketamine/
xylazine mixture (70/7 mg/kg). After local anesthesia with 
proparacaine, the sclera was punctured with a 30-gauge needle, 
and 1 μL of Gap19 (200 μM final concentration) with a purity of 
95% (Sigma-Aldrich), or TAT-Gap19 (200 μM final concentra-
tion) and TAT-Gap19 control scrambled peptide (200 μM final 
concentration) with purities of 95% (Tocris Bioscience) were in-
travitreally injected using a Hamilton syringe. All peptides were 
injected biweekly in one eye starting from the second week post 
microbead injection, while the other eye was injected with PBS. 
In a separate set of experiments, 1 μL of Gap 19 peptide (200 μM 
final concentration) (Sigma-Aldrich) was also injected in one 
eye every 2 weeks starting from the fourth week following post 
microbead injection.

2.5   |   Immunohistochemistry

Whole eyeballs were enucleated and fixed in paraformaldehyde 
(PFA) solution (4% in PBS, Santa Cruz Biotechnology) for 20 min 
to 1 h at room temperature, followed by blocking with 3% (v/v) 
normal donkey serum (ThermoFisher) and 0.5% (v/v) Triton-X 
in PBS for 2 h at room temperature. Retinas were incubated with 
appropriate primary antibodies overnight at 4°C, washed with 
PBS, and further incubated with fluorescent secondary anti-
bodies for 2 h at room temperature. The following primary an-
tibodies were used: rabbit anti-Cx43 (Millipore Sigma, # C6219, 
1:1000), goat anti-Brn3a (Santa-Cruz, # sc-31,984,1:500), mouse 
anti-Brn3a (Santa-Cruz, # sc-8429, 1:100) and guinea pig anti-
RBPMS (PhosphoSolutions, # 1832, 1:500) for staining of RGCs; 
mouse anti-GFAP (Millipore Sigma, MAB 360, 1:1000) and 

rabbit anti-Sox9 (Sigma-Aldrich, # AB5535, 1:1000) for staining 
of astrocytes; goat anti-Iba1 (Abcam, # AB5076, 1:500) and rat 
anti-CD68 (Biolegend, # 137001, 1:500) for labeling of microglia 
(Table 1).

Primary antibodies were visualized using appropriate second-
ary antibodies (Table  2). Upon staining, whole retinae were 
mounted to glass slides using mounting medium with DAPI 
(Vectashield, Vector Labs).

2.6   |   Confocal Microscopy and Quantitative 
Analysis

Images of immunolabeled tissues were taken using an Olympus 
FV1200MPE confocal microscope with 40× (oil immersion) 
objectives (Olympus, Tokyo, Japan). Four high-resolution 
(1024 × 1024 pixels) Z-stack images (317 × 317 μm) of RNFL and 
GCL (~15 μm) were taken from the midperipheral area in the 
wholemount retina using a step size of 1 μm, compiled into a 
single plane, and analyzed quantitatively. The cell counter func-
tion in ImageJ was used to measure astrocyte and ganglion cell 
numbers. Cx43 puncta number, size, and immune-positive area 
(% area) were analyzed with puncta analyzer (ImageJ plug-in), 
with the threshold for pixel size set from 1 to 20. Density anal-
ysis of astrocytes was performed to assess GFAP-positive im-
munolabeling using the particle analysis function in ImageJ. 
Images were converted to a black and white image with the 
threshold set above 4; this threshold value reduced interfer-
ence from activated Müller cell end-feet from the density anal-
ysis of astrocyte reactivity in injury. The threshold parameters 
were identical for each measurement when comparing different 
groups. Quantification of GFAP-positive astrocyte reactivity 
was measured as the percentage of the area occupied by GFAP 
labeling in each region of interest.

2.7   |   Quantitative Analysis of Microglia/
Macrophages

We examined the changes in microglial morphology, cell den-
sity, and upregulation of the expression of the cell surface 
marker CD68, which are considered to be indicators of immune 
cell activation in glaucoma. Images of immunolabeled tissues 

TABLE 1    |    List of primary antibodies.

# Primary antibody Host Company Catalog# Dilution

1 Cx43 Rabbit Millipore Sigma C6219 1:1000

2 Brn3a Goat Santa-Cruz sc-31,984 1:500

3 Brn3a Mouse Santa-Cruz sc-8429 1:100

4 RBPMS Guinea pig PhosphoSolutions 1832 1:500

5 GFAP Mouse Millipore Sigma MAB360 1:1000

6 Sox9 Rabbit Sigma-Aldrich AB5535 1:1000

7 Iba1 Goat Abcam AB5076 1:500

8 CD68 Rat Biolegend 137,001 1:500
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were taken using an Olympus FV1200MPE confocal micro-
scope with 40× (oil immersion) objectives (Olympus, Tokyo, 
Japan). Four high-resolution (1024 × 1024 pixels) Z-stack im-
ages (317 μm × 317 μm) of the entire thickness of the retina 
were taken from the midperipheral area. Images were digitally 
dissected into GCL, OPL, and IPL and processed as described 
previously (Young and Morrison 2018). The following parame-
ters were measured using ImageJ software (National Institutes 
of Health, Bethesda, MD, USA) to characterize microglial/
macrophage activation: (1) endpoints per cell; (2) total branch 
lengths per cell. All cell numbers provided in the results are 
converted into per mm2 area. At least four animals per group 
were analyzed.

2.8   |   Dye Coupling/Neurobiotin Injection

Eyes were enucleated, and retinae were dissected in oxygenated 
HEPES buffer, transferred to filter papers (12-mm diameter cell 
culture inserts with 0.4-μm pore size, Sigma-Aldrich) and kept 
in a chamber constantly perfused with oxygenated bicarbonate 
extracellular buffer. A single astrocyte from each preparation 
was identified either based on the cell morphology and local-
ization or based on its red fluorescence when GFAP tdTomato 
mice were used. The selected astrocyte was loaded with the 
GJ permeable tracer Neurobiotin (NB) (5 mg/ml) for 15 min. 
Immunohistochemistry was performed as described above. 
To ensure that the injected cells are astrocytes, retinae were 
stained with a mouse anti-GFAP primary antibody followed 
by a donkey anti-mouse secondary antibody conjugated with 
Alexa Fluor 647 (Thermofisher, # A21202, 1:500). Alexa Fluor 
488-conjugated streptavidin (Thermofisher, # S32354, 1:500), 
which binds to NB, was used to visualize the NB-filled cells. 
Images of the entire thickness of retinas were taken using an 
Olympus FV1200MPE confocal microscope with 20× and 40× 
(oil immersion) objectives (Olympus, Tokyo, Japan). High reso-
lution (1024 × 1024 pixels) Z-stack images of NB-labeled tissues 
were taken using a step size of 1 μm, compiled to a single plane 
of RNFL and INL, and converted to 3D reconstruction images 
by ImageJ. Astrocytes in RNFL and Müller cells in INL, labeled 
with NB, were counted manually in images obtained with con-
focal microscopy.

2.9   |   Electroretinogram

ERGs were recorded from Cx43KO and WT mice 8 weeks after 
microbead-induced IOP elevation. Animals were dark adapted 
overnight and anesthetized with an i.p. injection of ketamine/
xylazine (70/7 mg/kg) before recording under dim red light. 
Pupils were dilated with 2.5% phenylephrine hydrochloride/1% 
tropicamide, and the corneas were kept moist with 1% meth-
ylcellulose (Akorn). The body temperature was maintained 
around 37°C with an electric heating pad. ERGs were recorded 
with platinum electrodes placed in contact with the cornea, 
with needle electrodes inserted into the cheek and skin serving 
as reference and ground, respectively. Visual stimuli consisted 
of brief (< 5 ms) white full-field Ganzfeld flashes generated by 
an array of light-emitting diodes ranging from −6.7 to 2.0 log 
scot. cd.s/m2 (Espion Color Dome stimulator; Diagnosys LLC, 
Lowell MA). Responses were averaged over 40–50 trials for 
weak stimuli and fewer trials for stronger stimuli. Signals were 
amplified, filtered (1–300 Hz) and digitized at 1 kHz with a res-
olution of 0.1 μV. The STR reflects the activity of RGCs (Saszik 
et al. 2002). The STR was elicited in the intensity range of −4.9 
to −4.0 log scot. cd.s/m2 and the amplitude of the positive STR 
(pSTR) was computed from the peak of the pSTR to the trough 
of the negative STR (nSTR). The b-wave amplitudes were mea-
sured at their peak from the b-wave trough. ERG data were ex-
tracted and analyzed using Sigma Plot software. Nine animals 
per glaucomatous group (WT and Cx43KO) and four naive con-
trols were used.

2.10   |   Quantitative PCR

The retinas were harvested and lysed with Trizol (Life 
Technologies, #15596026) (1 retina/500 μL of Trizol). Total 
RNA was extracted from whole retinas from WT and Cx43KO 
mice using the Direct-Zol RNA MiniPrep Plus kit (Zymo re-
search). RNA samples were double treated with DNAse I 
(Zymo research) in the column and ezDNase (ThermoFisher) 
RT-PCR. Complementary DNA (cDNA) was synthesized 
using the SuperScript IV VILO Master Mix Kit (Invitrogen). 
qPCR was performed on a 96-well plate in the QuantStudio 
7 Flex Real-Time PCR System (ThermoFisher). Primers were 

TABLE 2    |    List of secondary antibodies.

# Secondary antibodies Alexa Fluor Company Catalog # Dilution

1 Donkey anti-goat 647 Thermofisher A21447 1:500

2 Donkey anti-goat 594 Thermofisher A11058 1:500

3 Donkey anti-rabbit 488 Thermofisher A32790 1:500

4 Donkey anti-rabbit 647 Thermofisher A32795 1:500

5 Donkey anti-rat 488 Thermofisher A21208 1:500

6 Donkey anti-mouse 488 Thermofisher A21202 1:500

7 Donkey anti-mouse 594 Thermofisher A21203 1:500

8 Donkey anti-mouse 647 Thermofisher A31571 1:500

9 Donkey anti-guinea pig 488 Millipore Sigma SAB4600033 1:500

10 Donkey anti-rabbit Texas Red Santa-Cruz sc-2784 1:500
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obtained from Integrated DNA Technologies and shown in 
Table  3. Thermocycling conditions were 50°C × 2 min and 
95°C × 2 min, followed by 40 cycles of 95°C for 15 s and 60°C 
for 1 min. Reactions were run in triplicates or duplicates for 
RT or –RT samples. Values were normalized to the housekeep-
ing gene GAPDH. Delta delta Ct between Cx43KO and WT 
mice was calculated and expressed together with standard 
deviation (S.D). Three to seven animals per group (WT and 
Cx43KO) were used for each condition (naïve, 4 and 8 weeks 
after IOP elevation).

2.11   |   Statistical Analysis

Two-sided two-sample Student's t test (H0: M1 = M2, H1: 
M1 ≠ M2) at the significance level of α = 0.05 (95% confidence 
interval) was used for comparisons between mice groups of 
different genotypes (ex. WT versus Cx43KO mice). Two-sided 
one-sample Student's paired t test (H0: M = 0, H1: M ≠ 0) at the 
significance level of α = 0.05 (95% confidence interval) was 
used for comparisons between retinae that received different 
injections (ex. SHAM versus microbead). One-way ANOVA 
at the significance level of α = 0.05 (95% confidence interval), 
followed by Tukey's test, was used for comparisons between 
three or more time points. Two-way ANOVA at the signifi-
cance level of a = 0.05 (95% confidence interval), followed by 
Tukey's test, was used for comparisons between the groups at 
different light intensities in ERG analysis. Statistical analyses 
were performed using the GraphPad Prism 8 software. Results 
are presented as mean ± SEM and n values correspond to the 
number of mice.

3   |   Results

3.1   |   Microbead-Induced IOP Elevation in WT 
and Cx43KO Mice

To induce experimental glaucoma, we adopted and imple-
mented a microbead occlusion model of elevating IOP that 
involved the injection of 10-μm polystyrene microbeads into 
the anterior chamber of mouse eyes. As shown in Figure 1, in-
tracameral injection of microbeads resulted in a significant el-
evation of IOP within 1 week. IOP showed a gradual decrease 
after 3 weeks, necessitating a second injection at 4 weeks, 
which enabled the IOP to be maintained at an elevated level 
for at least 8 weeks (Figure  1B). In WT mice (n = 58), the 

average IOP for the duration of 8 weeks was 14.0 ± 0.17 mmHg 
in control eyes, whereas microbead injection increased IOP 
by 32% (18.49 + 0.3, p < 0.0001). Microbead injections into the 
eyes of Cx43KO mice (n = 50) produced an equivalent level of 
IOP elevation as in WT, with no statistical difference in the 
peak IOP between the two groups (p = 0.87). Sham injections 
of PBS did not markedly increase the IOP in WT or Cx43KO 
animals (Figure 1C).

3.2   |   Sustained Elevation of IOP Induces 
RGC Death

RGC loss was assessed following 2, 4, and 8 weeks of elevated 
IOP in whole mount retinas with Brna3a, a marker that se-
lectively labels ~85%–90% of RGCs (Figure  1D). RGC counts 
were obtained from the midperipheral region from four retinal 
quadrants of identical size (~1.5–2.0 mm from the optic disk) of 
glaucomatous retina and were compared to RGCs of contralat-
eral and naïve eyes in WT mice. RGC counts from the contra-
lateral eye were comparable to naïve eyes with no significant 
difference. Microbead-induced elevation of IOP did not in-
duce significant RGC death 2 weeks after the initial injection 
(microbead-injected retina 3980 ± 273 versus control retina 
4522 ± 62, n = 3, p = 0.18; data not shown). However, as shown 
in Figure 1E, there was significant RGC loss in glaucomatous 
retinas after 4 weeks (3504 ± 107.3, n = 8, p < 0.0001) of IOP ele-
vation compared to control retinas (4618 ± 144.5, n = 8). Longer 
duration (8 weeks) of elevated IOP further exacerbated RGC 
degeneration (3157 ± 123.3, n = 10, p < 0.0001; decrease of 35%) 
compared to control (Figure 1E).

3.3   |   Cx43 Expression Is Enhanced in Response to 
Glaucomatous Injury

Contralateral and bead-injected retina of WT mice were immu-
nostained with anti-Cx43 (Figure 2A,B). There was a significant 
increase in Cx43 immunolabeling in astrocytes after sustained 
IOP elevation, with the number of Cx43 puncta increasing in 
the retina at 4 weeks and at 8 weeks after IOP elevation com-
pared to contralateral controls (n = 3–5, p < 0.05) (Figure  2C). 
In addition, the average size of plaques corresponding to Cx43 
increased by 16% and 24% at 4 weeks (n = 3, p < 0.05) and at 
8 weeks (n = 5, p < 0.05), respectively, after initial microbead in-
jection (Figure 2D). Together with increased size and counts, the 
overall percent area of Cx43 increased by 36% at 4 weeks (n = 3, 

TABLE 3    |    Genes corresponding to A1, A2, and pan-reactive astrocytes and associated primers.

Markers Gene Forward Reverse

A1 1 H2-T23 GGACCGCGAATGACATAGC GCACCTCAGGGTGACTTCAT

2 Serping1 ACAGCCCCCTCTGAATTCTT GGATGCTCTCCAAGTTGCTC

3 Fbln5 CTTCAGATGCAAGCAACAA AGGCAGTGTCAGAGGCCTTA

4 Amigo2 GAGGCGACCATAATGTCGTT GCATCCAACAGTCCGATTCT

A2 1 S100a10 CCTCTGGCTGTGGACAAAAT CTGCTCACAAGAAGCAGTGG

Pan-reactive 1 GFAP AGAAAGGTTGAATCGCTGGA CGGCGATAGTCGTTAGCTTC
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p < 0.05) and 75% at 8 weeks (n = 5, p < 0.01) (Figure 2E). Our re-
sult is in line with the previous studies that have reported an 
increased Cx43 expression in glaucomatous eyes of human pa-
tients (Kerr et al. 2011).

3.4   |   Glaucomatous Injury Increases GJ Coupling 
Between Retinal Glial Cells in the Retina

We next assessed whether upregulation of Cx43 expression in 
glaucomatous retina correlates with an increase in astrocytic–
astrocytic coupling (Figure 3A–C). IOP elevation was induced 
in reporter mice expressing tdTomato in astrocytes (by cross-
ing a tdTomato reporter mouse with a mouse expressing Cre 
recombinase in GFAP locus) to visualize astrocytes, and in-
dividual astrocytes were loaded with Neurobiotin (NB) using 
whole-cell patch clamp. After 15 min of loading, the retinas 
were fixed and stained with fluorescent conjugated streptavi-
din to determine the extent of diffusion of NB dye to adjacent 
astrocytes through GJs. As shown in Figure 3D, chronic ele-
vation of IOP for 8 weeks increased the number of NB labeled 

astrocytes (107 ± 15.72; n = 7, p < 0.01) compared to uninjured 
controls (55.71 ± 5.94; n = 4), indicating an increase in GJ 
coupling, consistent with the increase in Cx43 labeling in as-
trocytes. In contrast, NB labeling was restricted to a loaded 
astrocyte in Cx43KO retina as expected (see Figure 3C for a 
representative image).

Previous studies in rat and rabbit retina showed that astro-
cytes are directly coupled to Müller cells, the main glial cells 
in the retina (Robinson et al. 1993; Zahs and Newman 1997). 
To determine whether astrocytes are coupled to Müller 
cells in the mouse retina, we loaded NB for 15 min into in-
dividual tdTomato-expressing astrocytes in retinal whole 
mounts using whole-cell patch clamp. The retinas were then 
fixed and labeled with streptavidin conjugated to Alexa 488. 
Consistent with the previous data (Robinson et al. 1993; Zahs 
and Newman 1997), NB labeling was observed in the mouse 
INL where Müller cells somata reside (Figure  4A). Three-
dimensional reconstructions of optical sections show Müller 
glia labeled in their entirety (Figure  4B). NB loaded into an 
individual astrocyte diffused to multiple Müller glia (around 

FIGURE 1    |    Microbead occlusion model of glaucoma induces RGC loss. (A) Time points of experimental analysis. (B) Illustration of intracameral 
injection of polystyrene microbeads into WT and Cx43KO mice. (C) Data show sustained elevation of IOP (p < 0.001) in WT (n = 58) and KO (n = 50) 
compared to PBS-injected control eyes for 8 weeks after initial microbead injections at day 0. The second injection was administered 4 weeks after the 
first injection (arrow). There is no significant difference in IOP elevation between WT and KO mice (p = 0.87, Student's t test). (D) Immunofluorescent 
images of Brn3a positive RGCs in wholemount retinas of control (left; non-treated; NT) and bead-injected retinas (right) of WT mice at 8 weeks af-
ter microbead injection. (E) Quantification of Brn3a positive cells in control (n = 18) and 4 (n = 8) and 8 (n = 10) weeks after glaucomatous injury. 
***p < 0.001, Student's t test. Scale bar 50 μm.
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125 cells on average) in the uninjured retina. Interestingly, the 
majority of these coupled Müller cells did not express GFAP 
(Figure  4A). We next determined whether sustained IOP el-
evation also augments astrocyte-Müller glia connectivity 
(Figure 4A–D). Measurement of NB+ Müller cells after 8 weeks 
of increased IOP revealed that the number of NB+ Müller glia 
is increased by 3.8-fold in glaucomatous retina (n = 5, p < 0.05) 
(Figure  4D). Müller cells themselves remained uncoupled to 
each other after sustained IOP elevation (Figure 4C), suggest-
ing that the increase in astrocyte-Müller cell coupling seen 
after chronic elevation of IOP is due to the increase of GJ con-
nectivity between astrocytes. It is also possible that coupling 
between astrocytes and Müller cells is increased in response 
to IOP elevation. The connexins that are expressed in Müller 
cells at these hetero-cellular junctions are unknown, and we 
could not assess whether there is an increase in connexin ex-
pression in these glial cells.

3.5   |   Deletion of Cx43 in Astrocytes Attenuates 
RGC Loss and Improves Retinal Function After 
Chronic Elevation of IOP

To determine the role of Cx43 in glaucomatous injury, we in-
creased IOP in WT and Cx43KO mice and evaluated RGC sur-
vival using IHC. Retinal whole mounts were labeled with Brn3a 
4 and 8 weeks after IOP elevation (Figure 5). Brn3a labeling in 
retinas of microbead-injected eyes was compared to both con-
tralateral and naïve eyes in WT (see Figure 1D) and in Cx43KO 
mice (Figure  5A). There was significant cell loss (~25%) fol-
lowing 4 weeks (n = 8, p < 0.0001) of IOP elevation compared to 
controls (n = 18) (Figure 5B). Longer duration (8 weeks) of IOP 
increase further exacerbated RGC degeneration by up to ~35% 
(n = 10, p < 0.0001) compared to controls (Figure 5B). In compar-
ison, deletion of Cx43 prevented RGC loss at both time points. 
Quantification of Brn3a+ RGCs shows that astrocyte-specific 

FIGURE 2    |    Cx43 expression is increased in glaucomatous retina. (A) Representative images depict the Cx43 (green) expression in GFAP-positive 
astrocytes (red) in naive control (non-treated; NT) and glaucomatous retina in WT mice. (B) Panels are magnified images from the insets (white 
box), with panel A showing Cx43 puncta in astrocytes (top) and puncta alone (bottom) in control and injured retina. Quantification of Cx43 puncta 
per area (C) and normalized puncta size (D) percent area (E) show that the Cx43 expression is increased in the retina following sustained elevation 
of IOP (n = 5) compared with control (n = 5). Analysis of normalized Cx43 puncta size (D) demonstrates that Cx43 plaques are increased in size in 
glaucomatous retina (n = 5) compared with control (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001, Student's t test. Scale bar 25 μm.
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deletion of Cx43 is neuroprotective, with RGC survival increas-
ing by ~90%–93% after 4- (n = 5–8, p < 0.001) and 8-week (n = 10, 
p < 0.0001) IOP elevation compared to WT bead-injected eyes 
(Figure 5B).

To determine whether the absence of Cx43 astrocytes also pre-
serves RGC function, we evaluated visual activity of WT and 
Cx43KO mice by recording dark-adapted ERG. Representative 
recordings of the pSTRs, a measure of RGC function, from WT 
and Cx43KO are shown in Figure  6A. The average pSTR am-
plitude was significantly reduced in WT mice by ~40%–50% 
(e.g., at −4.3 log.cd.s/m2; n = 9, p < 0.001) after 8 weeks of IOP 
elevation, but this decrease was not observed in Cx43KO mice 
(n = 9, p < 0.001) (Figure 6B), indicating that the absence of Cx43 
improved visual function, consistent with neuroprotection. 
Furthermore, elevation of IOP in WT resulted in a significant re-
duction in b-wave amplitude (n = 9, p < 0.001) indicating changes 

in bipolar cell activity, as previously reported (Bayer et al. 2001; 
Harazny et al. 2009; Kumar et al. 2021; Wang and Dong 2016). 
Deletion of Cx43 in astrocytes attenuated the decrease in b-wave 
amplitude (n = 9, p < 0.05), suggesting that the absence of astro-
cytic Cx43 prevents damage to the outer retina (Figure 6C).

3.6   |   Deletion of Cx43 Does Not Affect Astrocytic 
Reactivity in Glaucomatous Retina

Increased GFAP expression is considered to be one of the main 
characteristics of reactive gliosis (Escartin et al. 2021; Sofroniew 
and Vinters 2010; Sun and Jakobs 2012; Sun et al. 2017; Tehrani 
et al. 2016, 2014). Therefore, we analyzed GFAP labeling density 
of astrocytes in the retina of IOP-elevated WT mice (Figure 7) 
and found moderate changes in GFAP expression, as evi-
denced by hypertrophy of astrocytic processes at 4 or 8 weeks. 

FIGURE 3    |    Astrocytic coupling is increased in glaucoma. Representative images of neurobiotin (NB)-injected astrocytes in tdTomato-expressing 
control (A, non-treated (NT)) and 8 weeks after elevated IOP in WT (B) and Cx43KO (C) mice. NB labeling was restricted to the injected astrocyte 
in Cx43KO mice. (D) Quantification of NB positive astrocytes shows increase in astrocytic coupling in bead-injected WT retina (n = 4) compared to 
control (n = 7). **p < 0.01, Student's t test. Scale bar 100 μm. Arrow: Injected astrocyte cell body.
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GFAP-positive area increased by 18%–20% at 4 or 8 weeks (n = 6, 
p < 0.01) of IOP elevation compared to the contralateral retina 
(n = 6). Importantly, this moderate increase of GFAP expression 
in the retina was not affected by deletion of Cx43 after 4 weeks 
(n = 5, p < 0.01) or 8 weeks (n = 4, p < 0.05) of IOP increase 
(Figure 7C).

Gene profiling studies indicate that a subset of reactive astro-
cytes adopts a neurotoxic phenotype in response to chronic 
IOP elevation and ONC (Guttenplan et  al.  2020; Liddelow 
et  al.  2017). This transcriptionally defined subset of astrog-
lial cells, called A1 astrocytes, was induced in response to 
factors secreted by activated microglia (IL1a, TNFα and C1q) 
(Liddelow et al. 2017). Inhibiting the formation of neurotoxic 
astrocytes markedly increased RGC survival in glaucomatous 
injury (Guttenplan et al. 2020; Liddelow et al. 2017; Sterling 
et al. 2020). We hypothesized that Cx43 hemichannels and GJ 
channels may propagate signaling molecules associated with 
A1 neurotoxic astrocytes and exacerbate disease progression. 
Therefore, gene transcripts of reactive astrocytes in both naive 

and glaucomatous WT and Cx43KO mice were compared. We 
chose specific genes from pan-reactive, A1, and A2 neuropro-
tective astrocytes that showed the highest increases after nerve 
crush and IOP elevation from previous studies (Guttenplan 
et al. 2020; Liddelow et al. 2017). However, we did not see sig-
nificant changes in the selected subset of A1 or A2 reactive 
transcripts at 4 or 8 weeks of IOP elevation. Relative mRNA 
levels of pan-reactive (GFAP), neurotoxic (Fbln5, Amigo2, 
H2-T23, Serping1) and neuroprotective astrocytes (S100a10) 
did not show specific changes in naïve Cx43KO mice (n = 7, 
p > 0.05) (Figure S1A) or in mouse cohorts in which there was 
sustained elevation of IOP (n = 3, p > 0.05) (Figure 7D). For ex-
ample, we measured gene transcripts of reactive astrocytes in 
WT and Cx43KO mice 4 weeks after IOP elevation, a time point 
where reactive astrocyte transcripts are increased by ~20-fold 
on average (Guttenplan et al. 2020). Surprisingly, our data did 
not show such large increases in the expression of transcripts 
associated with A1 reactive astrocytes (Figure  7D), a differ-
ence likely due to technical and methodological differences. 
We performed conventional RT-PCR on whole retinal tissue 

FIGURE 4    |    Glaucomatous injury increases astrocyte-Müller cell coupling. (A) Representative images of neurobiotin (NB) positive Müller cells 
(green) in the INL of the retina in control mice and in mice exposed to 8 weeks of elevated IOP. NB was injected into a single astrocyte in the nerve 
fiber layer (not shown) of WT mice expressing tdTomato under a GFAP promoter (red). (B) 3D projection of whole mount retina in WT control (top) 
and bead-injected mice (bottom), showing that NB loaded to an astrocyte diffuses into Müller glia. (C) NB injected into a single Müller cell did not 
transfer to adjacent Müller cells in control or glaucomatous retinas of WT and KO mice. (D) Quantification of NB positive Müller glia. The number of 
Müller glia coupled to astrocytes is increased in bead-injected WT retina (n = 5) compared to control (n = 6). *p < 0.05, Student's t test. Scale bar 50 μm.

RNFL

ota
moTdt

P
AF

G
nitoiborue

N

A

B

WT Bead

KO BeadKO NT

WT NT

ota
moTdt

P
AF

G
nitoiborue

N

WT NT

C

WT Bead

D
WT NT

WT Bead

WT NT WT Bead
0

200

400

600

800

N
B

+ 
M

ül
le

r c
el

ls



1407

compared to microfluidic RT-PCR (Guttenplan et  al.  2020), 
which might have dampened the effects that occur specifically 
in astrocytes. We also did not test gene expression in the ONH, 
where astrocytes are the dominant resident cells. Another 
limitation is that we chose a limited number of genes to test 
for the presence of A1 neurotoxic astrocytes. Broader selection 
of gene transcripts might provide a more detailed picture of 
A1 and A2 astrocyte profiling. However, our results are con-
sistent with a recent study in ONH astrocytes that showed that 
A1 neurotoxic gene expression of reactive astrocytes was up-
regulated only at the early time points (7 or 14 days after bead 
injection) but returned to baseline by 4 weeks after elevated 
IOP (Tan et al. 2022), the time point employed in this study.

3.7   |   Absence of Cx43 Reduces Microglial 
Reactivity in Glaucomatous Injury

Microglial activation has been reported to occur early in glau-
comatous injury and contribute to RGC loss (Bosco et al. 2011; 
Kumar et al. 2023). In the normal retina, resting microglia have 
small cell bodies and highly ramified long processes and pro-
vide homeostasis. In response to injury, resting microglia be-
come reactive and exhibit changes in morphology, acquiring 
an ameboid shape, expression of cell surface proteins like CD68 
(Holness and Simmons 1993; Rice et al. 2017), MHCII (Chidlow 
et al. 2016; Kumar et al. 2023; Rojas et al. 2014) and production of 

pro-inflammatory cytokines (Giulian et al. 1986; Hanisch 2002; 
Nakazawa et  al.  2006; Schroeter et  al.  1997). To evaluate mi-
croglial activation, we labeled microglia with cell surface mark-
ers, Iba1 (Rojas et al. 2014) and CD68, in whole mount retina 
of WT and Cx43KO mice 8 weeks after IOP elevation (Figure 8). 
However, since blood-derived monocytes/macrophages express 
these markers and can infiltrate the retina after ocular hyper-
tension (Huang et al. 2007; Margeta et al. 2018) we do not rule 
out the presence of macrophages in our study. Density and mor-
phological analysis of microglia/macrophages were performed 
in the GCL, IPL, and OPL (Figure 8). The number of endpoints 
and average length of branches per cell were measured to as-
sess morphological changes as previously described (Young and 
Morrison 2018).

Eight weeks after microbead injection, the density of Iba1 + 
microglia increased by 55% (n = 5–9, p = 0.004) in the GCL of 
WT mice compared to naive controls (Figure  8B). Similarly, 
the number of Iba1 + cells significantly increased in the IPL 
(n = 5–9, p = 0.004) (Figure  8C) and OPL (n = 5–9, p < 0.0001) 
(Figure 8D). Deletion of Cx43 in astrocytes resulted in signifi-
cantly reduced microgliosis in the IPL (n = 5, p = 0.01) and OPL 
(n = 5, p < 0.05) and in the GCL (n = 5, p = 0.13); the decrease in 
the GCL, however, did not reach statistical significance. Overall, 
the total number of microglia/macrophages in the whole ret-
ina (GCL + IPL + OPL) is increased by 43% in glaucomatous 
WT mice (n = 5, p < 0.0001). Deletion of Cx43 alleviated the 
increase in microglia/macrophages numbers (n = 5, p < 0.001) 
(Figure 8E).

We also found fewer activated microglia in Cx43KO com-
pared to WT mice after IOP elevation (Figure  9). We counted 
the numbers of Iba1 + cells that also express CD68, a cell sur-
face marker of phagocytic microglia/macrophages. There were 
lower numbers of Iba1 +/CD68 + cells in the whole retina 
(GCL + IPL + OPL) of bead-injected Cx43KO mice compared to 
WT mice (WT Bead: 343.3 ± 14 vs. Cx43KO Bead: 269.2 ± 20.6 
cells/mm2, n = 3, p < 0.05) (Figure 9E). Deletion of Cx43 in as-
trocytes reduced Iba1 +/CD68 + cells specifically in the IPL 
(WT Bead: 136.7 ± 5.8 vs. Cx43KO Bead: 103 ± 9.5 cells/mm2, 
n = 3, p < 0.05) and OPL (WT Bead: 160 ± 1.6 vs. Cx43KO Bead: 
139.2 ± 5.8 cells/mm2, n = 3, p < 0.05) after glaucomatous injury 
(Figure  9C,D). In response to prolonged elevation of IOP, mi-
croglia/macrophage morphology is dramatically altered, lead-
ing to the development of hypertrophic cell bodies with shorter 
and less ramified branches in bead-injected WT mice (n = 5, 
p < 0.05) compared to naïve control mice (Figure S2). However, 
the retraction of microglial branches was unaffected by the dele-
tion of Cx43 (Figure S2).

3.8   |   Cx43 Deletion Is Also Neuroprotective in 
the Optic Nerve Crush Model

Microbead injection model of glaucoma recapitulates the 
IOP-induced increase in progressive but moderate cell death. 
ONC is a more severe model for glaucoma as it induces sig-
nificant RGC death that recapitulates certain characteristics 
of glaucomatous optic neuropathy. To study whether astro-
cytic Cx43 deletion is neuroprotective in acute form of neuro-
degeneration, we assessed Cx43 expression 7 days after ONC 

FIGURE 5    |    Deletion of Cx43 increases RGC survival in glauco-
ma. (A) Representative images of control (left; non-treated (NT)) and 
bead-injected retina (right) of Cx43KO mice 8 weeks after elevated IOP. 
(B) Deletion of Cx43 in astrocytes increased RGC survival up to ~93% 
(n = 10) at 4 weeks and ~ 90% (n = 7, 8) at 8 weeks after elevated IOP. 
***p < 0.001, Student's t test. Scale bar 50 μm.
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and evaluated the effect of Cx43 deletion in astrocytes on 
RGC survival and on glial changes. ONC induced ~80% RGC 
loss 7 days after injury (n = 7, p < 0.0001) while the absence of 
Cx43 in astrocytes increased RGC survival by two-fold (n = 8, 
p < 0.001) (Figure  10C). Cx43 expression in the retina is in-
creased significantly (Cx43 puncta number is increased by 
77% and Cx43% area by 2-fold) after ONC compared to control 
eyes (n = 7, p < 0.001) (Figure 11C–E).

Deletion of Cx43 did not affect GFAP expression, as it is in-
creased by 20%–25% in both WT (GFAP % area WT ONC eye: 
16.41 ± 0.96 vs. control eye: 12.93 ± 0.75, n = 7, p < 0.001) and 

Cx43KO mice (GFAP % area Cx43KO ONC eye: 16.85 ± 0.81 vs. 
control eye: 14.06 ± 0.59, n = 8, p < 0.01) after ONC. There was 
no significant difference between WT and Cx43KO after ONC 
(p = 0.72) (Figure 11F).

Furthermore, we assessed gene transcripts of reactive astro-
cytes following ONC injury. The expressions of several genes 
were upregulated in WT mice: pan-reactive GFAP (by 3.7-fold), 
A1 neurotoxic astrocyte genes H2-T23 (by 3.4-fold), Serping1 
(by 2.4-fold) and A2 neuroprotective gene S100a10 (by 2-fold). 
Deletion of Cx43 in astrocytes did not alter gene expression 
levels of A1 and A2 reactive astrocytes as the upregulation 

FIGURE 6    |    Absence of astrocytic Cx43 preserves visual function in glaucoma. (A) Representative ERG waveforms of bead-injected WT (gray) 
and Cx43KO (red) mice in comparison to naive control mice (black; non-treated (NT)) at 8 weeks after IOP elevation. (B) Dark-adapted pSTR ampli-
tudes were reduced in bead-injected WT mice compared to naïve control (n = 9, p = 0.0008). Conditional deletion of Cx43 in astrocytes restored RGC 
function at 8 weeks after glaucomatous injury (n = 9, p = 0.0002). (C) b-wave amplitudes were reduced in bead-injected WT mice (n = 9, p = 0.0007). 
The absence of Cx43 in astrocytes significantly improved b-wave amplitudes (n = 9, p = 0.01). Two-way ANOVA, followed by Tukey's test.
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FIGURE 7    |     Legend on next page.
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of these gene transcripts was similar to that of WT mice after 
ONC. However, GFAP expression was significantly higher 
in Cx43KO mice than in WT mice after ONC (n = 4, p < 0.05) 
(Figure 11G).

3.9   |   Application of Gap19 Peptide Is 
Neuroprotective and Preserves RGC Function

As mentioned previously, Cx43 can form not only GJ channels 
but can also exist as hemichannels, especially in pathologi-
cal conditions. Deletion of Cx43 in astrocytes abrogates both 

GJ coupling and hemichannel activity. To determine whether 
open Cx43 hemichannels vs. increased GJ channel conduc-
tance might contribute to RGC death, we used an inhibitor of 
hemichannels. Gap19, a peptide derived from the cytoplasmic 
loop of Cx43, was previously shown to inhibit hemichannels 
without affecting GJ coupling (Abudara et  al.  2014; Wang 
et  al.  2013) Although neither Gap19's potency nor off-target 
effects have been investigated, the peptide has been used in 
a number of in vivo and in vitro studies to show the potential 
contribution of Cx43 hemichannels to disease processes (Chen 
et al.  2019; Contreras et al.  2002; Danesh-Meyer et al.  2012; 
Davidson et  al.  2013a; Froger et  al.  2010; Kang et  al.  2008; 

FIGURE 7    |    Astrocytic reactivity is not affected by deletion of Cx43 in astrocytes. (A) Representative images of control (left; non-treated (NT)) and 
bead-injected retina of WT (middle) and KO (right) mice 8 weeks after elevated IOP. (B) Magnified sections of selected areas in panel A are shown. (C) 
Quantification of GFAP-positive area normalized to control indicates that astrocytic reactivity is increased in both WT and KO mice after sustained 
IOP elevation. (D) Gene transcription analysis of select pan, A1, and A2 reactive astrocytes in injured retina of WT and Cx43KO mice 4 weeks after 
IOP elevation. The GFAP transcript was upregulated by ~40% in WT mice but was significantly reduced in Cx43KO mice (n = 3, p < 0.001). A1 and 
A2 reactive astrocyte gene transcripts are slightly upregulated in both WT and Cx43KO mice in glaucoma, with no significant difference between 
the groups. ns, not significant, ***p < 0.001, Student's t test. Scale bar 50 μm.

FIGURE 8    |    Absence of Cx43 in astrocytes reduces microgliosis. (A) Representative images of Iba1 + microglia/macrophages 8 weeks after bead 
injection. Quantification of Iba1 + cells in GCL (B), IPL (C), and OPL (D). (E) Quantification of Iba1 + cells in whole retina (GCL + IPL + OPL) after 
glaucomatous injury shows that the number of microglia is reduced in Cx43KO mice. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, One-way 
ANOVA, followed by Tukey's test. Scale bar 50 μm.

WT NT WT Bead KO Bead
A

OPL

GCL

IPL

OPL

GCL

IPL

OPL

GCL

IPL

Ib
a1

B

OPL

C

D

E

WT NT WT KO 
0

50

100

150

Ib
a1

+ 
ce

lls
/m

m
2  in

 G
C

L

Bead

ns

WT NT WT KO
0

50

100

150

200

250

Ib
a1

+ 
ce

lls
/m

m
2  in

 IP
L

Bead

WT NT WT KO
0

50

100

150

200

250

Ib
a1

+ 
ce

lls
/m

m
2  in

 O
PL

ns

Bead

WT NT WT KO
0

200

400

600

Ib
a+

 c
el

ls
/m

m
2  in

 re
tin

a

Bead



1411

Orellana et al. 2011). Gap19 was injected intravitreally every 
2 weeks (final concentration in the vitreous 200 μM) for 
8 weeks starting from the 2nd week of initial bead injection. 
RGC survival was evaluated and pSTR amplitude was mea-
sured using dark-adapted ERG 8 weeks after IOP elevation 

(Figure 12). Additionally, astrocytic reactivity (GFAP-positive 
area) and Cx43 expression (Figure S3) were assessed at 8 weeks 
after IOP elevation. Gap19 did not affect the increase in Cx43 
expression (Figure S3C,D) or astrocyte reactivity (Figure S3B) 
seen after chronic elevation of IOP (n = 4, p < 0.001).

FIGURE 9    |    Deletion of Cx43 in astrocytes reduces active phagocytic cells in glaucoma. (A) CD68 expression in Iba1 + microglia/macrophages 
8 weeks after bead injection in WT (left) and Cx43KO (right) mice. Quantification of Iba1 +/CD68 + cells in GCL (B), IPL (C), and OPL (D). (E) 
Quantification of Iba1 +/CD68 + cells in whole retina (GCL + IPL + OPL) shows reduced phagocytic cells in Cx43KO mice after glaucomatous injury. 
ns, not significant, *p < 0.05, Student's t test. Scale bar 50 μm.
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Intravitreal injections of Gap19 at early time points following 
IOP elevation (i.e., at 2 weeks) were found to be neuroprotec-
tive, with Brn3a + RGC survival increasing to ~91% compared 
to contralateral controls (~69%) (n = 4, p < 0.01) (Figure 12A,B). 
In addition, the pSTR amplitude recovered to control levels fol-
lowing Gap19 treatment (n = 4, p < 0.001) (Figure 12E), indicat-
ing preserved visual function in the presence of elevated IOP. To 
examine whether injections of Gap19 at later time points after 
RGC loss had commenced can confer neuroprotection, we ad-
ministered biweekly injections of Gap19 starting from the 4th 
week after microbead injection. Gap19 injections at this later 
time point of IOP elevation result in lesser RGC survival (~80%) 
(Figure 12B) compared to earlier treatment (91%) of Gap19, sug-
gesting that the peptide prevents loss of RGCs despite continued 
IOP elevation.

We also used a TAT-Gap19 peptide for which a control, scram-
bled peptide is available commercially. We injected separate 
groups of mice with TAT-Gap19 and control TAT-Gap19 peptide 
in one eye and evaluated RGC loss compared to the respective 
contralateral eye. We found significant protection in the eyes in-
jected with TAT-Gap19 compared to those injected with scram-
bled peptide (Figure  12D), confirming the effects are specific 
to Gap19. Treatment with the TAT-Gap19 hemichannel blocker 
increased RGC survival to 89% compared to control peptide-
injected mice (n = 3, p < 0.05) (Figure  12D). These results sug-
gest that Cx43 hemichannel opening contributes to RGC loss 
in glaucoma. However, it must be noted that the specificity of 
Gap19, including off-target effects involving other channels and 
processes, has not been thoroughly studied, and thus it is possi-
ble that these neuroprotective actions are not solely due to Cx43 
hemichannel inhibition.

4   |   Discussion

Previous studies indicated that deletion of Cx36, the protein 
that couples RGCs among other cell types in the retina, provides 
neuroprotection through a bystander effect (Akopian et al. 2017, 
2019). This effect purportedly involves the spread of as-yet-
unidentified damaging signals throughout the GJ network, cul-
minating in the death of multiple RGCs. Our results described 
here indicate an independent role for glial connexin channels 
in glaucoma progression. We demonstrate that Cx43 expression 
and function are increased in response to sustained elevation of 
IOP. Genetic deletion of Cx43 in astrocytes promotes RGC sur-
vival and restores visual function in the microbead occlusion 
model of glaucoma. The absence of Cx43 in astrocytes also re-
duces microglia/macrophage activation in the retina.

Elevation of IOP strongly increases Cx43 expression and GJ cou-
pling, consistent with previous studies showing that Cx43 ex-
pression is augmented in the retina and ONH of human patients 
with glaucoma (Kerr et al. 2011). Similarly, (Cooper et al. 2020) 
showed that astrocytic coupling is increased 1 week after IOP 
elevation after microbead injection. Our finding that Cx43 ex-
pression and GJ coupling are increased 4 and 8 weeks after ele-
vated IOP indicates that Cx43 expression is altered soon after the 
initiation of injury and persists for an extended period of time, 
contributing to disease progression. We also found that astro-
cytes are coupled to Müller cells in the mouse retina, as in rabbit 
and rat retinas (Robinson et al. 1993; Zahs and Newman 1997). 
The coupling between astrocytes and Müller cells is strength-
ened by chronic elevation of IOP, increasing the coupled Müller 
cells by ~3.8-fold. Furthermore, we showed that Müller cells 
were not coupled to each other, and they were not affected by 

FIGURE 10    |    Cx43 deletion is neuroprotective in the optic nerve crush model. (A) Representative images of nontreated control (left) and ONC 
(right) retinas of WT mice. (B) Representative images of nontreated control (left) and ONC (right) retinas of Cx43KO mice. (C) Quantification of 
Brn3a + RGCs after ONC in WT and Cx43KO mice. Deletion of Cx43 increases RGC survival by 2-fold. ns, not significant, ***p < 0.001, ****p < 0.0001, 
Student's t test. Scale bar 50 μm.
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FIGURE 11    |     Legend on next page.
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FIGURE 11    |    Deletion of Cx43 in astrocytes does not affect reactivity of astrocytes after ONC injury. (A) Representative images of control (left) and 
WT (middle) and Cx43KO (right) mice 7 days after ONC. (B) Magnified sections of selected areas in panel A are shown. (C–E) Cx43 expression (count, 
size, percent area) is increased in WT mice after ONC. (F) Quantification of the GFAP-positive area normalized to controls shows that astrocytic 
reactivity is similarly increased in WT and KO mice after ONC injury. (G) Gene transcription analysis of select pan, A1, and A2 reactive astrocytes 
in WT and Cx43KO mice 7 days after ONC injury. Gene expression levels of A1 and A2 reactive astrocytes are increased in both WT and Cx43KO 
mice after ONC. GFAP transcript level was higher in injured retinas of Cx43KO mice than WT mice. *p < 0.05, **p < 0.01, ***p < 0.001. Student's t 
test. Scale bar 50 μm.

FIGURE 12    |    Inhibition of Cx43 hemichannel activity is neuroprotective and preserves RGC function in glaucoma. (A) Representative imag-
es of (glaucomatous WT with no treatment (left) and with intravitreally injected Gap19 (right). (B) Quantification of Brn3a (+) RGCs after Gap19 
treatment in glaucomatous mice. Gap19 was injected intravitreally every 2 weeks for 8 weeks starting from either the 2nd or 4th weeks after initial 
microbead injection. Gap-19 treatment beginning at 2 weeks improves RGC survival to ~90% (n = 4, p < 0.01) compared to nontreated glaucomatous 
mice (~69%). Gap19 treatment at 4 weeks after IOP elevation results in lesser (80%) RGC survival (n = 4). (C) Representative images of glaucomatous 
WT with TAT-Gap19 control peptide (left) and TAT-Gap19 (right) treatments. TAT-Gap19 control peptide and TAT-Gap19 were intravitreally injected 
for 8 weeks starting from the 2nd week of initial bead injection. (D) Quantification of Brn3a + RGCs in glaucomatous mice shows TAT-Gap19 treat-
ment promotes RGC survival (n = 3, p < 0.05) significantly more than the control peptide (n = 3). (E) Quantification of pSTR amplitudes shows Gap19 
treatment preserves RGC function (n = 4, p < 0.001). ns, not significant, *p < 0.05, **p < 0.01, Student's t test, One- and Two-way ANOVA, followed by 
Tukey's test. Scale bar 50 μm.
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IOP elevation, indicating that the increase of NB + Müller cells 
is due to increased coupling between astrocytes.

Previously, we reported that conditional deletion of Cx43 in 
astrocytes does not affect normal retinal physiology (Slavi 
et al. 2018; Toychiev et al. 2021). However, we find that Cx43 de-
letion in astrocytes reduces RGC loss and preserves visual func-
tion, indicating that Cx43 has a deleterious effect on neuronal 
survival after sustained IOP elevation (at 4 and 8 weeks). In con-
trast, the role of Cx43 in early glaucomatous injury (1–2 weeks) 
(Cooper et al.  2020) in unilateral conditions wherein IOP was 
elevated in one eye indicated a neuroprotective role for astro-
cytic Cx43. This study showed that when retinas are subjected to 
unilateral stress, redistribution of glycogen-derived bioenergetic 
resources can occur from unstressed contralateral eyes to in-
jured eyes and promote tissue survival through astrocytic Cx43 
GJs (Cooper et al. 2020). Cx43 deletion induced greater damage 
to the injured eye without metabolic support from the uninjured 
eye. The effects of Cx43KO on RGC loss or visual function at 
later time points were not examined. We hypothesize that these 
differing results occur because astrocytes exhibit neuroprotec-
tive effects in early stages of injury, whereas their neurotoxic 
effects predominate with chronic injury.

Our hypothesis above is consistent with a number of studies 
that demonstrate that the overall impact of reactive astrocytes 
on neuronal function varies with disease severity and duration 
and can either lead to beneficial or deleterious clinical outcomes 
(Bayraktar et al. 2020; John Lin et al. 2017; Liddelow et al. 2017; 
Rothhammer et al. 2018; Wheeler et al. 2020). Astrocyte reac-
tivity in early disease stages mediates neuroprotective effects 
in glaucoma and other CNS diseases (Anderson et  al.  2016; 
Calkins 2021; Khakh and Sofroniew 2015; Livne-Bar et al. 2017; 
Mayo et al. 2014; Okada et al. 2006; Sun et al. 2017). Attenuation 
of astrocyte reactivity in the ONH, an early site of damage in glau-
comatous injury, caused a decrease in RGC viability and acceler-
ated visual impairment in glaucoma and ONC (Sun et al. 2017). 
In contrast, reactive astrocytes in chronic injury settings ac-
tively promote inflammation and contribute to the pathogene-
sis of neurodegenerative diseases, including glaucoma (Barakat 
et al. 2012; Brambilla et al. 2014; Dvoriantchikova et al. 2009; 
Livne-Bar et  al.  2016; Rothhammer and Quintana  2019; 
Tezel 2008; Wheeler et al. 2020; Yang et al. 2020).

This hypothesis ties with a finding of our study suggesting that 
the inhibition of hemichannels was neuroprotective in this 
model of glaucoma. Intravitreal injections of Gap19 peptide for 
the duration of IOP elevation markedly increased RGC survival 
and improved RGC function, without affecting the expression 
of Cx43 in astrocytes. The degree of neuroprotection was simi-
lar to that found in Cx43KO mice, indicating that the detrimen-
tal effect of Cx43 is possibly through activated hemichannels, 
although additional studies are essential because the peptide 
could have effects on other cellular processes when used in vivo. 
These results indicate that astrocytes in chronic injury settings 
might increase Cx43 hemichannel activity and actively promote 
neuronal death in glaucoma. The opening of Cx43 hemichan-
nels is known to release ATP, glutamate, and other mediators 
(Contreras et  al.  2002; Danesh-Meyer et  al.  2012; Davidson 
et  al.  2013a; Froger et  al.  2010; Kang et  al.  2008; Orellana 

et  al.  2011). In addition, the release of proinflammatory cyto-
kines such as tumor necrosis factor (TNF)-α and interleukin 
1β, which is known to occur in glaucoma (Balaiya et al. 2011; 
Madeira et al. 2015; Nakazawa et al. 2006; Neufeld 1999; Sawada 
et al. 2010; Wilson et al. 2015) can further activate Cx43 hemi-
channels. Since Cx43 hemichannels are not active in physio-
logical conditions, future studies using agents that are highly 
specific for hemichannels might provide a promising strategy 
for the treatment of glaucoma.

Both Cx43 hemichannel activity and GJ coupling have been im-
plicated in neurodegenerative diseases (Frantseva et  al.  2002; 
Freitas-Andrade et al. 2019; Lin et al. 1998; Rami et al. 2001) 
and retinal injuries (Danesh-Meyer et al. 2012; Slavi et al. 2018; 
Toychiev et  al.  2021). Our data suggest that elevated IOP in-
creases both hemichannel activity and cell-to-cell commu-
nication of astrocytes. These results are consistent with a 
recent in  vivo study (Freitas-Andrade et  al.  2019) showing 
that both astrocytic Cx43 coupling and hemichannel activity 
are increased following ischemia in the brain. In addition, this 
study showed that inhibition of MAPK phosphorylation (Ser 
255/262/279/282A) reduced hemichannel activity but not GJ 
coupling in hypoxia and reduced infarct volume and functional 
deficits after stroke (Freitas-Andrade et al. 2019). Whether sim-
ilar changes in phosphorylation status of Cx43 occur in glau-
coma, causing increases in hemichannel activity, remains to be 
determined.

Activation of microglia is one of the earliest changes in glau-
coma (Bosco et al. 2011; Kumar et al. 2023) and the degree of 
microgliosis correlates with the magnitude of axonal loss (Bosco 
et al. 2016; Ebneter et al. 2010). Microglial activation is a com-
plex process that includes proliferation, morphological changes, 
branching and retraction of processes, expression of phago-
cytic markers, and production of proinflammatory cytokines. 
Consistent with previous studies (Bosco et  al.  2011; Kumar 
et  al.  2023; Neufeld  1999; Tribble et  al.  2020), we observed 
changes in microglial density and morphology 8 weeks after 
bead injection. Prolonged elevation of IOP increased the num-
ber of microglia as well as CD68 + phagocytic cells in all reti-
nal layers, including OPL. Activation of microglia in OPL may 
be due to secondary damage of the outer retina, as previously 
reported (Cuenca et  al.  2010; Fernandez-Sanchez et  al.  2014; 
Hernandez et al. 2009; Kumar et al. 2021; Pang et al. 2015; Velten 
et al. 2001). Deletion of Cx43 resulted in lower microglial density 
and a reduced number of active phagocytic cells in the retina in 
both IPL and OPL. It is likely that reduced microglial activation 
might be due to a decrease in neuronal death provided by Cx43 
deletion in astrocytes. Damaged neurons can release nucleo-
tides (Koizumi et al. 2007; Ohsawa et al. 2007; Wu et al. 2007), 
HMGB1 protein (Chi et al. 2015; Nakazawa et al. 2006), and heat 
shock proteins (Tezel and Fourth 2009), which affect purinergic, 
CD11, and TLR signaling in microglia and lead to an increase 
in their phagocytic ability and production of proinflammatory 
cytokines. Furthermore, ATP released from astrocytes through 
connexin hemichannels is known to stimulate microglial acti-
vation, which was abrogated by ATPase and channel inhibitors. 
Thus, deletion of Cx43 likely contributes to the reduction of mi-
croglial reactivity via a Cx43-hemichannel mediated mechanism 
(Davalos et al. 2005).
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