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Abstract 

	Glaucoma is a leading cause of irreversible blindness, which is characterized by a progressive degeneration of the optic nerve and loss of retinal ganglion cells (RGCs). Glaucoma currently affects 3.5% of individuals aged 40 to 80 years, and the incidence of glaucoma is increasing together with life expectancies (Wagner et al., 2022). There is strong evidence that intercellular communication via gap junctions (GJs) facilitates secondary cell death, by means of the so-called “bystander effect” is which dying cells releases toxins that lead to the death of neighboring cells to which they are coupled (Akopian et al., 2014; 2017).  Pharmacological blockade of GJs or genetic deletion of GJ subunit connexins Cx36 (Akopian et al., 2017) or Cx43 (Batsuuri et al., 2023) showed an increase in neuronal survivability by greater than 70% in glaucomatous retinas providing clear evidence that GJs can mediate secondary cell death, which can account for loss of most retinal neurons. Since Cx36 is expressed by GJs between retinal neurons and Cx43 is expressed between glial astrocytes, there are potentially two separate pathways that may underlie cell loss in glaucoma. This raises the important question of whether these pathways are independent mechanisms for cell death or are interdependent. Interestingly, both Cx36 and Cx43 are upregulated in glaucomatous retinas (Akopian et al., 2017; Batsuuri et al., 2023). Therefore, to assay the interdependence of bystander death mediated by Cx36- and Cx43-expressing GJs in glaucoma, we determined if their upregulation were interconnected. Understanding the potential interdependence of these two GJ-mediated bystander cell death pathways would help define potential targets for neuroprotection in glaucoma. 



Introduction 

Glaucoma, a leading cause of irreversible blindness remains without a cure. A common characteristic of glaucoma is an increase in intraocular pressure (IOP) which induces damage to the retinal neurons and glia (Weinreb et al., 2014). Glaucoma can be managed by IOP-lowering drops, but a significant number of glaucomatous patients still show vision loss even after IOP is lowered to normal levels (Crawley et al., 2012).  Thus, a recent focus has been to reveal potential treatments that offer neuroprotection to promote neuronal survivability in glaucoma. 
	Previous studies it has been shown that the loss of retinal neurons in glaucoma progresses in a 2-stage process (Akopian et al., 2017; Batsuuri et al., 2023). There is an initial loss of vulnerable neurons from a primary insult of elevated IOP, followed by a second wave of cell death due to the GJ-mediated bystander effect. The GJs are integral membrane proteins consisting of two hemichannels, each which consists of six connexins (Nielsen et al., 2012). In the human genome, there are 21 different connexins (Nielsen et al., 2012). The retina expresses arguably the largest number of GJs in the CNS, made up by a number of different connexins (Bloomfield and Volgyi, 2009).  GJs permit direct cytoplasmic exchange of ions and metabolites of appropriate size between adjacent cells and thereby play an important role in electrical synaptic signaling (Nielsen et al., 2012).  In contrast, GJs appear to play a role in pathological secondary cell death via the so-called “bystander effect”.  Here, toxic molecule released from dying cells can be transferred intercellularly via GJs to adjacent cells, thereby leading to their loss. 
Pharmacological blockade of GJs has been shown to increase the survivability of RGCs in glaucoma (Akopian et al., 2017).  However, GJ blockers are non-selective in that they do not discriminate between GJs based on their connexin makeup. Interestingly, Akopian et al. (2014) showed that different GJs, based on the connexins they express, differentially play a role in bystander cell death dependent on the retinopathy.  In glaucoma, genetic deletion of Cx36 (Akopian et al., 2017) or Cx43 (Batsuuri et al., 2023) provided significant neuroprotection of RGCs in a mouse model of glaucoma. Since Cx36 is expressed by neuronal GJs and Cx43 is expressed by glial GJs, these findings suggested that two separate cohorts of GJs may underlie bystander cell death in glaucoma.
An important question then is whether neuronal and glial pathways underlie independent mechanisms of secondary bystander cell death in glaucoma.  Understanding whether these pathways are independent or interdependent will provide insight into potential targets for neuroprotective therapies to treat glaucoma.  To answer this question, we leveraged the finding that both Cx36 and Cx43 are upregulated in a glaucoma model of the mouse.  We tested whether genetic deletion of Cx43 affected the upregulation of Cx36, and likewise whether genetic deletion of Cx36 affected the upregulation of Cx43 in glaucomatous retinas. By using this assay, we wished to establish whether the Cx36-expressing neurons GJs and Cx43-expressing astrocytic GJs form independent or interdependent routes by progressive cell loss in glaucoma. 


Methods

Animals 
All mice were housed at the State University of New York, College of Optometry and used in accordance with the Institutional Animal Care and Use Committee approved protocols (IACUC). The experiment used wildtype mice as well as connexins knock-out derived from C57/B6, Kcng and C57/B6-129SvEv. 

Induction of elevated IOP by microbead injection to induce glaucoma. 
The intraocular pressure (IOP) was elevated by injection of 10um diameter polystyrene microbeads into the anterior chamber. The intracameral injections were performed unilaterally with 2ul microbead suspension using a glass micropipette connected to micro-syringe. An equivalent volume of PBS was injected in the contralateral eye to provide control measurements. A second microbead injection was performed during the fourth week to maintain elevated IOP for at least 8 weeks. 

IOP measurements 
IOP measurements were made using tonometer (ICare). The IOP measurements were made within 1-3 minutes after anesthetizing the mice with an i.p. injection of the ketamine/xylazine mixture and topical 0.5% proparacaine. Measurements were taken between 10am and 12pm to minimize effect of diurnal IOP variation. For each weekly IOP measurement, 6 readings were averaged for each eye. 

Fixation and Sectioning 
Following the separation of retina from the mice, the retinas were fixed with 4% PFA in a 0.1M PBS, pH7.4 for 30 min at room temperature. Afterwards, the retinas were cryoprotected in increasing percentage of sucrose of 10, 20 and 30% each for 1 h. Retinas were then embedded in OCT Compound and frozen. Cryosections were cut and mounted on microscope slides. 

Immunofluorescent labeling (IHC)
Immunofluorescent labeling (IHC) followed, section slides were placed in block buffer (10% donkey serum, 0.5% Triton X-100, 1% BSA, 0.1M PBS) for 1 h at room temperature. Primary antibodies were diluted in buffer block (3% donkey serum, and 0.1% Triton X-100). The section slides were incubated with the primary antibodies for 3 h at room temperature. The following primary antibodies were used; goat anti-Cx36, rabbit anti-Cx43, goat antibody ChAT 1:100. Afterwards, the section slides were washed 2x for 10 min followed by addition of secondary antibodies which were diluted in buffer block (0.01M PBS, 0.05% Tween 20). The section slides were incubated with secondary antibodies for 2 h at room temperature. The slides were then embedded with fluoromount media with DAPI.  

Microscopy 
Images of the sectioned explant retinas were taken using a confocal microscope (Olympus FV3000) and the software Fluoroview (Olympus) was used to analyze the images. The images (raw data) were converted into Tiff files, exported, and analyzed with Adobe photoshop. Contrast and color were appropriately adjusted. 
The confocal microscopy is an optical imaging technique that provides high optical resolution images. Cell counting was processed via the Z-stack method which allows multiple images to be combined at different focal distances to provide a composite image with a greater depth of field. Multiple channels were used depending on the number of immunofluorescent labeling, one of the channels was always DAPI which served the purpose of staining the nuclei of retinal cells to provide the overall structure of the retina. The format of the final image was taken at a speed of 8usPixel and size of 1024. The voltage of each channel was around 10-15%. 
Quantification and data analysis 
The brightness and contrast of micrographs were adjusted using Photoshop CS6 (Adobe). ImageJ analysis software was utilized to count the number of pixels with Cx36 and Cx43 labeling above background in images obtained from individual retinal layers. The vertical sectioned retina puncta staining count was manually performed per unit length of 630um square areas within the midperipheral regions of the retina. The numbers were averaged at least 2 retinas per each control and experimental conditions. All data was imported into Sigmaplot software (Systat Software), and histograms were constructed. 

IOP elevation by microbead injections 
To induce glaucoma in mice, an intracameral injection of polystyrene microbeads (10 um diameter) as described previously (Akopian et al., 2017) accumulated in the iridocorneal angle and Schlemm’s canal resulting in significant elevation of IOP within 1 week. However, the IOP slowly declined over the next 3 weeks after which a second injection of microbeads was performed at 4 weeks to maintain the elevated IOP for at least 8 weeks (Fig. 1).  Animals were sacrificed at week 8 and eyes were removed for histological processing.  
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Fig 1. The graph above shows sustained IOP elevation 8 weeks after initial microbead injection, there was a second injection at week 4 to sustain elevated IOP. 

Results

Increased connexin expression in bead-injected retina 
Figure 2 illustrates expression of Cx36 in control and bead-injected whole mounts retinas in sublamina-a and -b of the IPL. The collection of puncta of Cx36 are in the sublamina-a and -b which is located in outer and inner portion of Inner Plexiform Layer (IPL) respectively. The expression of Cx36 is more notable in sublamina-a at 8 weeks after initial microbead injection indicating an increase in Cx36 expression GJs. The whole retinal mounts showed an increased number of Cx36 puncta in the bead-injected retina compared to the control retina, the expression of Cx36 was quantified per stained pixel as previously described in the methods section. The purpose was to confirm increased expression of Cx36 in bead-injected retinas compared to the control retinas. 
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Fig 2. Confocal images of retinal whole mounts stained with Cx36. (A) Cx36 puncta staining in a control retinal whole mount sublamina-a. (B) Cx36 puncta in control retinal whole mount in sublamina-b. (C) Cx36 puncta expression in both sublamina-a and -b of control whole mount retina. (D) Expression of Cx36 puncta in bead-injected retinal whole mounts in sublamina-a. (E) Cx36 puncta in bead-injected whole mount retina in sublamina-b. (F) Cx36 puncta expression in bead-injected whole mount retina in sublamina-a and -b. 

The following figure illustrated expression of Cx36 in a cross section of wildtype control retina and bead-injected retina, the focus is drawn to the inner and outer portions of IPL showing puncta staining of Cx36 in green in the sublamina-b and -a respectively. There was evidence of increased expression of Cx36 in sublamina-a and -b however the staining was more notable in sublamina-a after 8-weeks of bead-injected retinas. The stained Cx36 puncta was quantified as previously described and a histogram was constructed to illustrate the significance of increased expression of Cx36 in bead-injected retina compared to the control (Fig. 4). 
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Fig 3. The above illustration shows retinal layers cross-section staining for DAPI and Cx36. (A) Shows Cx36 expression in control retina. (B) Cx36 expression in bead injected retina. 
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Fig 4. The graph above shows the expression of Cx36 in two conditions, the black bar is control retina and red bar is bead-injected retina. 

The expression of Cx43 in the retina (Fig. 5) was examined next. The Cx43 puncta can be found along the astrocytic layer at the GCL and retinal nerve fiber layer (RNFL). Figure 5 illustrates expression of Cx43 in a cross section of wildtype control retina and bead-injected retina, attention is drawn to the GCL where expression of Cx43 puncta can be seen in red. There was evidence of increased expression of Cx43 in GCL. The quantification of Cx43 expression was per square area of stained pixel as previously described in the methods section. The histogram was constructed from the raw data to confirm the findings.  
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Fig 6. The graph above shows the expression of Cx43 in two conditions, the black bar is control retina and red bar is bead-injected retina.

Expression of Cx43 under conditions of ablation of neuronal Cx36 

Next the expression of Cx43 was investigated in cross-section retinas in the absence of Cx36. The expression of Cx43 was looked at in A-D in figure 7 under the following conditions: WT control (A), WT bead-injected (B), ablation of Cx36 in control retina (C), ablation of Cx36 in bead-injected retina (D). We are looking at the GCL in all four conditions where Cx43 puncta is expressed. 
The histogram shown in figure 8 illustrates expression of Cx43 in three different conditions, which are WT control, Cx36 KO control and Cx36 KO bead-injected retinas. For expression of Cx43 in WT bead-injected retina refer to figure 6. Cx43 expression was not statistically significant when comparing WT control and Cx36KO control retina, this means ablation of Cx36 does not have a direct effect on the expression of Cx43. The expression of Cx43 was increased in the bead-injected retina as previously shown in figure 5 and 6. There was no statistically significance difference in Cx43 expression between WT bead-injected and Cx36KO bead-injected retinas.  
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Fig 7.  Confocal images of retinal layers stained for Cx43, Cx36 and DAPI. (A) Cross-section view of wild-type control retina showing Cx43 expression. (B) Wild-type bead injected retina Cx43 expression. (C) Cx36 KO control retina showing Cx43 expression. (D) Cx36 KO bead injected retina showing Cx43 expression.
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Fig 8. The above graph depicts three conditions – wildtype control retina, Cx36 KO control and Cx36 KO bead-injected where the expression of Cx43 is shown. 

Expression of Cx36 under conditions of ablation of neuronal Cx43 

The expression of Cx36 was looked at in E-H in figure 9 under the following conditions: WT control (E), WT bead-injected (F), ablation of Cx36 in control retina (G), ablation of Cx36 in bead-injected retina (H). We are looking at sublamina-b and -a which are inner and outer portions of IPL respectively where Cx36 puncta is expressed.
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Fig 9. (E) Wild-type control retina showing expression of Cx36. (F) Wild-type bead-injected retina showing Cx36 expression. (G) Cx43 KO control retina showing Cx36 expression. (H) Cx43 KO bead-injected showing Cx36 expression. 


The histogram shown in figure 10 depicts the expression of Cx36 in three different conditions, which are WT control, Cx43 KO control and Cx43 KO bread-injected retinas. For expression of Cx36 in WT bead-injected retina refer to figure 4. Comparing expression of Cx36 in WT control and Cx43 KO control was not statistically different. The expression of Cx36 was also not statistically significant between Cx43 KO control and Cx43 KO bead-injected. However, the expression of Cx36 was diminished in Cx43 KO bead-injected retinas compared to WT bead retinas. This means ablation of Cx43 in bead-injected retinas prevented the upregulation of Cx36 in bead-injected retinas which has been previously shown in figure 4. 
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Fig 10. The above graph depicts three conditions – wildtype control retina, Cx43 KO control and Cx43 KO bead injected where the expression of Cx46 is shown.

Conclusion

	The aim of the study was to investigate whether Cx36-expressing neuronal GJs and Cx43-expressing astrocytic GJs forms independent or the interdependent pathways for bystander cell death in glaucoma. Understanding the communication between the two connexins will ultimately determine the most effective approach to offer neuroprotection in the settings of glaucoma to promote neuronal survivability. As previously discussed, the main mechanism by which the majority of RGCs are degraded in glaucoma is through the bystander effect, which is proceeded by an initial primary insult (Akopian et al., 2017).  We leveraged the fact that both Cx36 and Cx43 are upregulated in a mouse glaucoma model.  To test interdependence, we examined whether deletion of one connexin affected the upregulation of the other. This assay for interdependence was based on the assumption that the upregulation reflected an increase in GJ number and/or density, and thereby an increased level of bystander cell death.  In support of this idea, the upregulation of Cx36 in microbead-injected mouse retinas precedes the first detection of significant RGC loss by about one week (S. Bloomfield, personal communication).  The communication between Cx36 and Cx43 was studied by genetically deleting either connexin by Cre-LoxP system and studying the connexin expression in the absence of the other connexin. 
The first set of experiments confirmed the results of Akopian et al. (2017) and Batsuuri et al., (2023) that both Cx36 and Cx43 are upregulated in the in bead-injected mouse retina.  The upregulation was seen as an increase in both the number of puncta throughout the IPL as well as well as an increase in puncta size. Since Cx36 was predominantly expressed as puncta in sublamina-a of the IPL, a reflection of the many Cx36-expressing GJs on AII amacrine cell proximal dendrites (Bloomfield and Volgyi, 2009), the regulation of Cx36 was most evident in sublamina-a of IPL of glaucomatous retina.  Likewise, we found that the expression of Cx43 in astrocytes was increased based on pixel measurements of immunolabeled glaucomatous retinas, suggesting an increased number of GJs between glia.  
In the next set of experiments, we evaluated the expression of one connexin in glaucomatous retinas in which the other connexin was knockout out genetically.  Analysis of Cx43 expression in the retinas of Cx36 KO mice indicated that a statistically significant upregulation still occurred, similar to that seen in bead-injected WT mouse retinas. We therefore conclude that ablation of Cx36 did not disrupt the upregulation of Cx43 in glaucomatous retinas.
We next examined the expression of Cx36 in the IPL of Cx43 KO mouse retinas 8 weeks after injection of microbeads to elevate IOP.  In contrast to the result described directly above, we found that ablation of Cx43 prevented the upregulation of Cx36 in the IPL of bead-injected WT retinas. 
The opposite results are confusing and makes it difficult to draw a clear conclusion to whether the neuronal and glial GJ pathways are interdependent.  Clearly, the upregulation of Cx43 in glaucomatous retinas was independent of the expression of Cx36.  As deletion of Cx36 largely prevents secondary cell death in the glaucomatous retina, we can speculate that the upregulation is largely independent of neuronal death.  One idea is that the upregulation of Cx43 may be dependent on the original insult of elevated IOP induced by the microbead injection. In support of this idea, deletion of Cx36 has been shown to be inaffective in preventing the loss of about 10-15% of RGCs that are lost in microbead-injected retinas and it has been proposed that this loss is due to the primary insult (e.g. IOP elevation) and not secondary bystander loss (Akopian et al., 2017). 
In contrast, we found that deletion of Cx43 largely prevented the upregulation of Cx36 normally seen in microbead-injected WT mouse retinas. It has been shown that genetic deletion of Cx43 reduces the upregulation of glial fibrillary acidic protein (GFAP), an indicator of gliosis (Inman et al., 2007) , as well as microglial activity.  Moreover, delection of Cx43 significantly reduces RGC loss in microbead-injected mouse eyes.  It is plausible that gliosis, microglial activity, and/or RGC loss may all contribute to the upregulation of Cx36.  Interestingly, genetic deletion of Cx36 also causes a reduction of gliosis, microglial activity, and RGC death.  It would be interestingly to determine the timing of changes in these profiles in the glaucomatous Cx43 and Cx36 KO mice.  Our finding that the upregulation of Cx43 may result from the primary insult may mean that the subsequent bystander changes due to astrocytic activity may precede those due to neuronal activity.  This would mean that the upregulation of Cx36 may be due, at least initially, to glial pathology.   
We therefore conclude that while the bystander cell loss subserved by neuronal Cx36-expressing GJs and glial Cx43-expressing GJs may be proceed independently, our data suggest that glial changes occur first due to the primary insult and thereby affect the subsequent changes in neuronal Cx36 activity.  While our data suggests such an interdependence, the temporal difference in the activation of these two pathways may explain the differences in how deletion of Cx36 and Cx43 affected the upregulation of the other in glaucomatous retinas.  Our data also suggest that either GJ-mediated pathway may be effective targets for neuroprotective treatment of glaucoma patients. 









References 

Agarwal, R., Gupta, S., Agarwal, P., Saxena, R., Agarwal, S. (2009). Current concepts in the pathophysiology of glaucoma. National Library of Medicine 57(4). https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2712693/
Akopian, A., Atlasz, T., Pan, F., Wong, S., Zhang, Y., Völgyi, B., Paul, D. L., & Bloomfield, S. A. (2014). Gap junction-mediated death of retinal neurons is connexin and insult specific: a potential target for neuroprotection. J Neurosci, 34(32), 10582-10591. https://doi.org/10.1523/jneurosci.1912-14.2014 
Akopian, A., Kumar, S., Ramakrishnan, H., Roy, K., Viswanathan, S., & Bloomfield, S. A. (2017). Targeting neuronal gap junctions in mouse retina offers neuroprotection in glaucoma. J Clin Invest, 127(7), 2647-2661. https://doi.org/10.1172/jci91948 
Akopian, A., Kumar, S., Ramakrishnan, H., Viswanathan, S., & Bloomfield, S. A. (2019). Amacrine cells coupled to ganglion cells via gap junctions are highly vulnerable in glaucomatous mouse retinas. J Comp Neurol, 527(1), 159-173. https://doi.org/10.1002/cne.24074 
Batsuuri, K., Toychiev, A., Srinivas, M. (2023). Astrocyte-specific deletion of Cx43 is neuroprotective and preserves visual function in experimental model of glaucoma. 64(8). https://iovs.arvojournals.org/article.aspx?articleid=2787020
Bloomfield, S., Volgyi, B. (2009). The diverse functional roles and regulation of neuronal gap junctions in the retina. National Library of Medicine, 10(7): 495-506. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3381350/
Crawley, L., Zamir, S. M., Cordeiro, M. F., & Guo, L. (2012). Clinical options for the reduction of elevated intraocular pressure. Ophthalmol Eye Dis, 4, 43-64. https://doi.org/10.4137/oed.S4909 
Danesh-Meyer, H. V., Zhang, J., Acosta, M. L., Rupenthal, I. D., & Green, C. R. (2016). Connexin43 in retinal injury and disease. Prog Retin Eye Res, 51, 41-68. https://doi.org/10.1016/j.preteyeres.2015.09.004 
Inman, D., Horner, P. (2007). Reactive nonproliferative gliosis predominates in a chronic mouse model of glaucoma. GLIA 55(9) pages 942-953. https://onlinelibrary.wiley.com/doi/10.1002/glia.20516
Kim, H., Kim, M., Im, S. K., & Fang, S. (2018). Mouse Cre-LoxP system: general principles to determine tissue-specific roles of target genes. Lab Anim Res, 34(4), 147-159. https://doi.org/10.5625/lar.2018.34.4.147 
Nielsen, M. S., Axelsen, L. N., Sorgen, P. L., Verma, V., Delmar, M., & Holstein-Rathlou, N. H. (2012). Gap junctions. Compr Physiol, 2(3), 1981-2035. https://doi.org/10.1002/cphy.c110051 
Wagner, I., Stewart, M., Dorairaj, S. (2022) Updates on the Diagnosis and Management of Glacuoma. National Library of Medicine, 6(6) 618-635. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9673042/
Weinreb, R. N., Aung, T., & Medeiros, F. A. (2014). The pathophysiology and treatment of glaucoma: a review. Jama, 311(18), 1901-1911. https://doi.org/10.1001/jama.2014.3192 

	
	
	



image2.jpg
3 5 B

Mean IOP (mm Hg)





image3.jpg
Control

sublamina-a sublamina-h sublamina-a+b





image4.jpg




image5.jpeg
Cx36 IR (IPL)

‘Cx36 normalized

[
— fesd




image6.jpg




image7.jpg
C43 IR GCL)

as
a0
25
20
15
0
05
00

'Cx43 normalized

[
= pesd





image8.jpg
CX36KO-clr<

WT-CH-Cx361R WT-bead-Ci361R

Cx43KO-CIr-Cx36 Cx43KO-bead-Ci361R





image8.png




image9.png




image10.png




image11.png




image9.jpg
(Cx43IR under indicated conditions

Cx43IR % area

8
12

12
0
08
oe
04
02
00

p=0200s)

p=008

—wrcr
= CxaoKOcr
= CxaoKO-besd




image13.png




image14.png
e




image15.png




image12.png
(Cx36IR under indicated conditions
— e

—Cxs30-CH
— CxéObead
40| p=0.15(ns) p=0.38(0s)

C3BIR % area




image1.png
Approved by Dissertation Committee:

Dr. Stewart Bloomfield % é/ i ,,
y ol Date:  5/21/2024
Dr. Miduturu Srinivas // o f""‘\""—'\

Date:  5/20/2024

" Dr. Suresh Viswanathan

Date: 5/7, 0/202/)1

=y

Stewart Bloomfield, PhD
Associate Dean, Graduate Studies & Research





image16.png
SUNY COLLEGE OF OPTOMETRY
GRADUATE CENTER
FOR VISION RESEARCH




