
Targeting neuronal gap junctions in mouse retina offers
neuroprotection in glaucoma

Abram Akopian, … , Suresh Viswanathan, Stewart A. Bloomfield

J Clin Invest. 2017;127(7):2647-2661. https://doi.org/10.1172/JCI91948.

  

The progressive death of retinal ganglion cells and resulting visual deficits are hallmarks of glaucoma, but the underlying
mechanisms remain unclear. In many neurodegenerative diseases, cell death induced by primary insult is followed by a
wave of secondary loss. Gap junctions (GJs), intercellular channels composed of subunit connexins, can play a major role
in secondary cell death by forming conduits through which toxic molecules from dying cells pass to and injure coupled
neighbors. Here we have shown that pharmacological blockade of GJs or genetic ablation of connexin 36 (Cx36)
subunits, which are highly expressed by retinal neurons, markedly reduced loss of neurons and optic nerve axons in a
mouse model of glaucoma. Further, functional parameters that are negatively affected in glaucoma, including the
electroretinogram, visual evoked potential, visual spatial acuity, and contrast sensitivity, were maintained at control levels
when Cx36 was ablated. Neuronal GJs may thus represent potential therapeutic targets to prevent the progressive
neurodegeneration and visual impairment associated with glaucoma.
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Introduction
Glaucoma is a neurodegenerative disease often associated with ele-
vated intraocular pressure (IOP) and characterized by the progres-
sive loss of retinal neurons and optic nerve axons, leading to vision 
impairment (1, 2). Glaucoma likely has multivariate etiology, and 
so the exact mechanisms triggering its development and progres-
sion remain elusive (3). The use of IOP-lowering drugs, the current 
mainstay treatment, is often insufficient to prevent progressive visu-
al loss in glaucoma patients. Recent studies of potential treatments 
have therefore shifted to assessment of neuroprotective strategies to 
promote neuronal survivability and thereby preserve function (3–6).

In many neurodegenerative diseases in the CNS, including glau-
coma, there is an initial loss of vulnerable neurons related directly 
to the primary insult, followed by a progressive, secondary cell loss 
(7, 8). There is now strong evidence that intercellular communica-
tion through gap junctions (GJs) plays a major role in secondary or 
so-called bystander cell death (9–11). In this scheme, toxic mole-
cules are transferred intercellularly from dying cells to neighbors 
through communicating GJs, thereby producing a wave of ancillary 
cell degeneration (12, 13). As the CNS locus with arguably the highest 
expression of GJs, bystander-mediated neuronal cell death in retina 
has been implicated in a number of pathologies, including excitotox-
icity, retinitis pigmentosa, and ischemic retinopathy (12, 14–17).

Damage to the optic nerve due to elevated IOP and the loss 
of retinal ganglion cells (RGCs) are key sequelae of glaucoma, but 
amacrine cells (ACs), interneurons critical to retinal signaling, also 

appear to show significant injury (18–22). In mice, nearly all the 
RGC subtypes are homologously coupled via GJs (23), thereby pro-
viding the structural substrate for progressive, bystander-mediat-
ed cell death. Most RGCs also couple heterologously to ACs (23), 
suggesting that primary RGC loss in glaucomatous eyes can lead 
to AC loss through GJ-mediated secondary cell death (12). Indeed, 
a recent study showed that the most vulnerable ACs in experimen-
tal glaucoma are those that are coupled to RGCs (22). Together, 
these data suggest that GJ-mediated secondary cell death may 
ultimately be responsible for the majority of neuronal loss and the 
resultant impaired visual function associated with glaucoma.

Here we demonstrate that pharmacological blockade of neu-
ronal GJs or genetic ablation of connexin 36 (Cx36), the most 
abundantly expressed GJ subunit in retinal neurons, provides 
significant protection of the retina and optic nerve against dam-
age in a mouse model of glaucoma. Further, this structural pro-
tection results in preservation of visual function as indicated by 
electrophysiological measures of electroretinogram (ERG) and 
visual evoked potential (VEP) and behavioral assessment of spa-
tial acuity and contrast sensitivity. Our results thus indicate that 
neuronal GJs play a principal role in progressive cell loss and visual 
impairment associated with glaucoma, thereby identifying them 
as potential targets for novel neuroprotective therapies.

Results
IOP elevation in a mouse model of glaucoma in control and experimen-
tal animals. To induce experimental glaucoma in mice, we adopted 
and modified a microbead occlusion model to elevate IOP (24). In 
control C57BL/6 mice, intracameral injection of microbeads accu-
mulated in the iridocorneal angle and Schlemm’s canal (Figure 
1A), resulting in a significant elevation of IOP within 1 week (Fig-
ure 1B). The IOP declined slowly over the next 3 weeks, and so a 
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and C). Sham intracameral injections of PBS did not markedly alter 
the average IOP from that seen in control animals (Figure 1, B and 
C). Overall, these data indicated that the microbead occlusion meth-
od was effective in elevating IOP to induce experimental glaucoma 
in both control and experimental animals.

Gross retinal injury in experimental glaucoma is significantly 
reduced by GJ blockade or ablation. We next assessed gross structur-
al changes of glaucomatous retinas 8 weeks after initial microbead 
injection. Morphometric analysis of DAPI-labeled vertical retinal 
sections revealed a statistically significant decrease in the thick-
ness of the inner plexiform layer (IPL), inner nuclear layer (INL), 
and outer plexiform layer (OPL) of glaucomatous C57BL/6 and 
CxWT mice compared with control values (Figure 1, D and E). All 
measurements of the thickness of individual retinal layers were 
performed at a midperipheral eccentricity, 1.5–2.0 mm from the 
optic nerve head. In contrast, no significant reduction in the thick-
ness of individual retinal layers was detected in glaucomatous ret-
inas of MFA-treated C57BL/6 mice or Cx36–/– and Cx36–/– Cx45–/–

mice relative to values observed in control retinas (Figure 1, D and 
F). The similar results found for the Cx36–/– and Cx36–/– Cx45–/– 
mice indicated that deletion of Cx45-expressing GJs provided no 
additional protection over deletion of those expressing Cx36.

In glaucoma, as in other neurodegenerative disorders, glial 
cells show abnormal activity, termed reactive gliosis, which results 
in an upregulation of glial fibrillary acidic protein (GFAP) expres-

second injection of microbeads was performed at 4 weeks, which 
maintained the elevated IOP for at least 8 weeks (Figure 1B). We 
next determined whether the microbead occlusion method was 
effective in elevating IOP in our experimental mice in which GJs 
were blocked pharmacologically or connexin subunits were ablat-
ed genetically. Blockade of GJs was carried out by application of 
meclofenamic acid (MFA), a nonsteroidal antiinflammatory (25), 
which is a potent, while connexin-nonspecific, GJ antagonist (26). 
In initial control experiments, we determined whether MFA appli-
cation via an osmotic minipump was injurious to the retina. At a 
concentration that effectively uncoupled neuronal GJs in the retina, 
we found that MFA did not alter the gross or cellular structure of 
the retina based on measures of cell counts in the ganglion cell layer 
(GCL) and thicknesses of the nuclear and plexiform layers in WT 
C57BL/6 mice (Supplemental Figure 1; supplemental material avail-
able online with this article; https://doi.org/10.1172/JCI91948DS1).

Application of microbeads to eyes of C57BL/6 mice in which GJs 
were blocked with MFA produced an elevation in IOP that was indis-
tinguishable from those measured in untreated animals at each time 
point over the 8-week postinjection period (Figure 1B). Similarly, 
microbead injections into the eyes of Cx36–/– or Cx36–/– Cx45–/– dou-
ble knockout mice, in which the most abundantly expressed neuro-
nal connexin subunits are ablated (13), produced an elevated IOP 
that mirrored in amplitude and time course that measured in glauco-
matous C57BL/6 mice or wild-type littermates (CxWT) (Figure 1, B 

Figure 1. Blockade of GJs suppresses gross retinal injury in glaucomatous eyes. (A) Photomicrograph shows accumulation of microbeads in the iridocorneal 
angle and Schlemm’s canal (SC) 8 weeks after intracameral injection. Scale bar: 100 μm. (B) C57BL/6 mouse data showing sustained IOP elevation 8 weeks 
after initial microbead injection followed by a second injection at week 4 (arrow) in comparison with control eyes (sham injection of PBS). MFA applica-
tion did not affect the elevated IOP observed in microbead-injected eyes (n = 10 eyes per group). (C) Elevation of IOP in different mouse strains following 
microbead injections (n = 10 eyes per group). Sham injections produced no elevation of IOP. (D) Thickness of individual retinal layers in glaucomatous retinas 
with or without MFA treatment (n = 6 retinas per group). MFA application prevents thinning of layers in glaucomatous eyes. (E) Thickness of retinal layers in 
CxWT mice with and without microbead injections (n = 6 retinas per group). (F) Preservation of retinal layer thickness in glaucomatous retinas of Cx36–/– or 
Cx36–/– Cx45–/– mice (n = 6 retinas per group). Data are presented as mean ± SEM. *P < 0.05, Student’s t test for B, C, and E and 1-way ANOVA followed by 
Tukey’s multiple comparisons test for D and F.
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whole mounts under control and experimental conditions were 
immunostained for SMI32, which has been shown to label soma-
ta, dendrites, and axons of a subset of large RGCs, identified as α 
cells (refs. 29, 30, and Figure 3, A and E). In glaucomatous retinas 
of C57BL/6 mice we found a marked decrease in the density of 
SMI32-positive axons in comparison with control eyes (Figure 3, A 
and B). In contrast, blockade of GJs with MFA in microbead-inject-
ed eyes maintained the density of SMI32-positive axons at a level 
comparable to that seen in control retinas (Figure 3, A and B). To 
evaluate RGC loss in microbead-injected retinas in the presence 
and absence of GJ communication, we immunostained retinal 
whole mounts with the selective RGC marker BRN3A (31), under 
control conditions and 8 weeks after microbead injection with or 
without MFA treatment (Figure 3C). Cell counts were performed 
in 4 selected fields of identical size per retina at a midperipheral 
eccentricity of 1.5–2.0 mm from the optic disk (Figure 3C, inset). 
Quantification revealed significantly higher RGC survival in reti-
nas of microbead-injected eyes from MFA-treated mice compared 
with those untreated (Figure 3D).

We next examined the impact of glaucomatous insult on 
α-RGCs by immunostaining retinal whole mounts for SMI32 
under control and experimental conditions (Figure 3E). Eight 
weeks after microbead injection we observed a significant reduc-
tion in the number of SMI32-positive RGC somata and dendrites 
(Figure 3, E and F). Blockade of GJs with MFA again provided sig-
nificant protection to microbead-injected retinas as indicated by 

sion in astrocytes and Müller cells in retina (27, 28). Under control 
conditions, GFAP immunofluorescence was confined exclusively 
to astrocytes in the GCL, with no detectable immunolabeling in 
the IPL, INL, or OPL (Figure 2A). Eight weeks after microbead 
injection, astrocytes showed a significant increase in GFAP label-
ing as evidenced by the appearance of a thick network of processes 
in the GCL (Figure 2, A and B). A more dramatic increase in GFAP 
immunolabeling was observed in the IPL, INL, and OPL of glauco-
matous retinas due to an upregulation of GFAP in Müller cell pro-
cesses (Figure 2, A and B). In contrast, the reactive gliosis in glau-
comatous retinas of MFA-treated mice was markedly suppressed 
relative to that observed in untreated microbead-injected retinas 
(Figure 2, A and B). Similarly, retinas from microbead-injected 
Cx36–/– mice exhibited a significantly lower degree of reactive gli-
osis throughout compared with that observed in their CxWT lit-
termates (Figure 2, A and B). Blockade of retinal GJs or ablation of 
Cx36 clearly reduced the overall structural damage to the retina 
brought on by elevated IOP. However, genetic ablation of both 
Cx36 and Cx45 showed no further improvement in the suppres-
sion of the reactive gliosis in vertical sections of glaucomatous 
retinas when compared with that seen in Cx36–/– mice (Figure 2C).

Blockade or ablation of GJs protects GCL neurons in experimen-
tal glaucoma. To evaluate the role of GJs in the progressive loss of 
retinal neurons in experimental glaucoma, we performed a com-
parative histochemical analysis of glaucomatous retinas in the 
presence and absence of gap junctional communication. Retinal 

Figure 2. Reactive gliosis in retinas of microbead-injected mice is significantly reduced by GJ blockade/ablation. (A) Confocal images of retinal layers 
stained for GFAP, SMI32, and DAPI in control and glaucomatous retinas. Scale bar: 50 μm in all panels. Z-stack: 7 sections, 3-μm steps. (B) GFAP expression in 
the retinal layers of CxWT and Cx36–/– mouse retinas under different conditions (n = 6 retinas per group). (C) GFAP labeling in retinal sections from control and 
microbead-injected CxWT (n = 5 retinas), Cx36–/– (n = 5 retinas), and Cx36–/– Cx45–/– mice (n = 3 retinas). GFAP expression is presented as percentage of immu-
nolabeling per area. Data are presented as mean ± SEM. **P < 0.01, ***P < 0.001, 1-way ANOVA followed by Tukey’s multiple comparisons test.
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Blockade or ablation of GJs prevents AC loss in experimental glau-
coma. Our recent finding that dACs are lost in microbead-injected 
control mice (22) is consistent with studies showing that certain 
subpopulations of ACs are injured in animal models of glaucoma 
(20, 21). Moreover, ACs that are coupled to RGCs via GJs, includ-
ing GABAergic and calretinin-positive (CR-positive) cells, are par-
ticularly vulnerable, suggesting that their loss in glaucoma reflects 
secondary degeneration via the bystander effect (22). We there-
fore extended our study to determine whether blockade of GJs 
could offer significant protection to these vulnerable AC subpop-
ulations in glaucomatous eyes. Consistent with previous reports 
(22, 33), antibodies against GABA and CR labeled neuronal cell 
bodies in the INL and GCL of control retinas with dendritic pro-
cesses forming characteristic bands in the IPL (Figure 4, A and F). 
Eight weeks after initial microbead injection we observed a sig-
nificant reduction in the number of both GABA- and CR-positive 
cells in the INL and GCL of CxWT mice, which was accompanied 
by marked changes in the density of labeled dendrites in the IPL 
(Figure 4, B, G, K, and M). However, blockade of GJs with MFA 
provided significant protection of both GABA- and CR-positive 
neurons in terms of cell number and the preservation of normal 
dendritic ramification in the IPL (Figure 4, C, H, K, and M). Ret-
inas from microbead-injected eyes of Cx36–/– mice also showed 
significant protection of GABA-positive (Figure 4, E and L) and 
CR-positive (Figure 4, J and N) AC subpopulations in terms of cell 
numbers and dendritic profiles in the IPL (Figure 4, D, I, L, and N). 
We found that deletion of both Cx36 and Cx45 provided no further 
protection of ACs above that found with ablation of Cx36 alone 
(Figure 4, L and N). Taken together with the comparisons of the 
protective effects of the 2 knockout strains described above, these 
data indicate that Cx36-expressing GJs play a principal role in the 
loss of both RGCs and ACs observed in experimental glaucoma.

Expression of Cx36 is upregulated in experimental glaucoma. 
Consistent with previous studies (12, 34), strong punctate immu-
nolabeling of Cx36, reflecting GJ loci, was observed in the inner 
portion of the IPL of C57Bl/6 mice, corresponding to the ON 
sublamina-b, with less labeling in the OFF sublamina-a (Fig-
ure 5A). In contrast, immunolabeling of Cx45 showed a more 
homogeneous pattern across both sublaminae of the IPL (Figure 
5F). Changes in the expression of connexins have been report-
ed under different insult conditions (12, 17). Indeed, Western 
blot analysis indicated an increase in Cx36 protein in retinas at 
8 weeks after initial microbead injection (Supplemental Figure 
2). These data were extended by immunolabeling experiments, 
showing a significant increase in Cx36 puncta in the IPL, particu-
larly in sublamina-a, of retinas at 8 weeks after initial microbead 
injection indicating an increase in Cx36-expressing GJs (Figure 
5, B, D, and E). The increase in the number of Cx36 puncta in the 
IPL began at 4 weeks after the initial microbead injection and 
gradually increased over the next 8-week period (Supplemental 
Figure 3). In contrast, no change in Cx45 immunolabeling was 
observed in microbead- injected retinas as compared with con-
trol levels (Figure 5, F–H).

Application of MFA to glaucomatous eyes prevented the 
upregulation of Cx36, maintaining expression levels at those seen 
under control conditions (Figure 5, C–E). These data are consis-
tent with and extend our finding that Cx36-expressing GJs play 

maintenance of both the number of SMI32-positive RGCs and the 
soma/dendritic architecture that were comparable to those in con-
trol eyes (Figure 3, E and F).

Approximately one-half of the neurons in the GCL of the 
mouse retina are displaced amacrine cells (dACs) (32). To distin-
guish between RGCs and dACs in terms of their loss in glaucoma, 
we immunostained vertical retinal sections taken from midpe-
ripheral retina with BRN3A to identify RGCs and then counter-
stained with the nuclear dye DAPI to assess the total number of 
cells in the GCL (Figure 3G). The number of dACs was computed 
as the difference between DAPI-positive nuclei and BRN3A-pos-
itive cells in the GCL as we described in a recent study (22). We 
observed a significant decrease in both BRN3A-positive RGCs and 
dACs in C57BL/6 mice measured at 8 weeks after the initial micro-
bead injection (Figure 3I). However, the loss of DAPI-positive cells 
was greater than that of BRN3A-positive RGCs, indicating a loss 
of dACs in the GCL. In contrast, blockade of GJs with MFA provid-
ed significant protection of both cell types in microbead-injected 
retinas (Figure 3, G and H). Induction of glaucoma in CxWT litter-
mates produced a significant loss of both BRN3A-positive RGCs 
and dACs in the GCL, similar to that observed in microbead-in-
jected C57BL/6 mice (Figure 3, I and J). Conversely, we observed 
no significant loss of cells in the GCL of microbead-injected 
Cx36–/– mice (Figure 3, I and K). We found no further improve-
ment in the protection of RGCs or dACs in retinas from microbe-
ad-injected eyes of Cx36–/– Cx45–/– as compared with that found in 
Cx36–/– mice, consistent with aforementioned comparisons of the 
2 knockout mouse strains (Figure 3K).

Figure 3. Blockade or ablation of GJs protects RGCs and their axons in 
experimental glaucoma. (A) Immunofluorescence images of SMI32-pos-
itive axons in whole-mount retinas of C57BL/6 mice under control 
conditions and 8 weeks after microbead injections with or without MFA 
treatment (n = 6 retinas per group). Scale bar: 200 μm for all panels. 
(B) SMI32-labeled axons as percentage of coverage per 300 × 300 μm 
retinal area from each quadrant, averaged across retinas. (C) Confo-
cal images of whole-mount retinas with BRN3A-labeled RGCs under 
conditions represented in A. All images and measures were taken from 
the midperiphery of the retina, 1.5–2.0 mm from the optic disk (inset). 
Scale bar: 100 μm for all panels. (D) Quantification of RGCs performed 
for 600 × 600 μm area in 4 quadrants from the midperipheral retina and 
averaged for retinas per each control and experimental condition (n = 3 retinas 
per group). (E) Images of SMI32-positive α-RGC somata and dendrites 
under conditions described in A (n = 6 retinas per group). Scale bar: 25 
μm for all panels. Z-stack: 15 sections, 2-μm steps. (F) Quantification 
of SMI32-positive α-RGC somata under conditions represented in E. 
(G) C57BL/6 retinal sections processed for BRN3A immunoreactivity 
and counterstained with DAPI in control and MFA-treated or untreated 
glaucomatous eyes. Scale bar: 50 μm for all panels. Z-stack: 5 sections, 
2-μm steps. (H) Images of retinal sections from control and microbe-
ad-injected eyes of CxWT and Cx36–/– mice. Scale bar: 50 μm for all 
panels. (I) Number of DAPI-stained (total) cells, BRN3A-positive RGCs, 
and dACs in the GCL of retinas from C57BL/6 mice under conditions 
described in E (n = 14 retinas for all counts). (J) Number of total cells, 
RGCs, and dACs in the GCL of CxWT in control eyes and 8 weeks after 
microbead injection (n = 10 retinas per group). Z-stack: 5 sections, 2-μm 
steps. (K) Number of total cells, RGCs, and dACs in the GCL of Cx36–/– 
(n = 12 retinas) and Cx36–/– Cx45–/– (n = 5 retinas) mice in controls and 
8 weeks after microbead injection. All data are presented as mean ± 
SEM. ***P < 0.001, **P > 0.01, Student’s t test for J and 1-way ANOVA 
followed by Tukey’s multiple comparisons test for B, D, F, I, and K.
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a principal role in progressive cell death in glaucoma, suggesting 
that upregulation of Cx36 may amplify the bystander effect and 
the resulting progressive neuron degeneration.

Cx36 ablation prevents optic nerve injury in experimental glau-
coma. Since Cx36 is not expressed in the optic nerve (Supplemen-
tal Figure 4), we examined whether deletion of Cx36-expressing 
GJs in retina could offer protection of axons projecting centrally in 
glaucomatous animals. Cross sections obtained from the glial lam-
ina area in mice, equivalent to the human lamina cribrosa, were 
immunolabeled with SMI32 and double labeled with the astrocyte 
marker GFAP. In optic nerves of control CxWT mice, GFAP was 
expressed in thick processes of astrocytes that formed the glial 
tubes, which ensheathed bundles of SMI32-positive axons creat-
ing a characteristic honeycomb mosaic (ref. 35 and Figure 6A). We 
found significant changes in the structure of the optic nerve at 8 
weeks after the initial microbead injection. This included a disrup-
tion of the axonal bundles and the honeycomb pattern of astrocyt-
ic dendrites, which now appeared as short and thin processes that 

were disorganized (Figure 6B). Such morphological changes could 
account for the reduced area of GFAP labeling and the reduction 
of SMI32-positive axons in glaucomatous eyes as compared with 
values in control animals (Figure 6, E and G).

In contrast, we detected no significant change in the expres-
sion of GFAP and much smaller reduction of SMI32-positive 
axons, in comparison with CxWT mice, in the optic nerve of 
microbead-injected eyes of Cx36–/– mice, which maintained a nor-
mal honeycomb configuration (Figure 6, C, D, F, and H). Clearly, 
ablation of Cx36-expressing GJs in the retina preserved the struc-
tural integrity of the optic nerve in microbead-injected eyes.

Cx36 ablation prevents attenuation of ERG and VEP compo-
nents in glaucoma. Two components of the scotopic ERG, the posi-
tive scotopic threshold response (pSTR) and oscillatory potentials 
(OPs), were analyzed to evaluate the function of RGCs (36, 37) 
and ACs (38), respectively, in control and experimental animals. 
Eight weeks after microbead injection we observed significant 
reductions in the amplitude of the pSTR (Figure 7A) and the 

Figure 4. GJ blockade or ablation protects ACs in glaucomatous eyes. (A–C) Representative images of vertical sections of CxWT mouse retinas 
immunostained for GABA and counterstained for DAPI under control conditions and 8 weeks after microbead injections with or without MFA treat-
ment. Scale bar: 50 μm for all panels. Z-stack: 5 sections, 2-μm steps. (D and E) Representative images of vertical sections of Cx36–/– mouse retinas 
immunostained for GABA and counterstained for DAPI under control conditions and 8 weeks after microbead injections. Z-stack: 5 sections, 2-μm 
steps. (F–H) Representative images of vertical sections of CxWT mouse retinas immunostained for CR and counterstained for DAPI under control and 
glaucomatous conditions with or without MFA treatment. Scale bar: 50 μm for all panels. Z-stack: 5 sections, 2-μm steps. (I and J) Representative 
images of vertical sections of Cx36–/– mouse retinas immunostained for CR and counterstained for DAPI under control conditions and 8 weeks after 
microbead injections with or without MFA treatment. Z-stack: 5 sections, 2-μm steps. (K) Quantification of the number of GABA-positive ACs in 
the INL and GCL of retinas from CxWT mice under control and experimental conditions as presented in A–C (n = 12 retinas per group). (L) Quantifi-
cation of the number of GABA-positive ACs in the INL and GCL of retinas from control and microbead-injected Cx36–/– (n = 10 retinas per group) and 
Cx36–/– Cx45–/– mice (n = 8 retinas). (M) Quantification of the number of CR-positive cells in the INL and GCL of CxWT mouse retinas under condi-
tions detailed in F–H (n = 10 retinas per group). (N) Quantification of the number of CR-positive cells in the INL and GCL of retinas from control and 
microbead-injected Cx36–/– (n = 10 retinas) and Cx36–/– Cx45–/– mice (n = 8 retinas). Results are presented as mean ± SEM. *P < 0.05, **P < 0.01,  
***P < 0.001, 1-way ANOVA followed by Tukey’s multiple comparisons test.
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summed amplitude of OPs (Figure 7D) in glaucomatous C57BL/6 
mice as compared with those measured in control mice. Consis-
tent with reports in human glaucoma (39) and a mouse model of 
diabetic retinopathy (40), the OPs in microbead-injected eyes 
also showed a significant shift in onset latency compared with 
controls (Figure 7D). Treatment of glaucomatous eyes with MFA 
preserved the amplitude of the pSTR as well as the amplitude and 
onset latency of the OPs at values comparable to those observed 
in control retinas (Figure 7, A and D). Animals treated with MFA 
alone under control condition did not show any significant differ-
ence in the amplitude of pSTR or OPs compared with untreated 
animals (n = 16 eyes, P > 0.1). Analogously to C57BL/6 mice, injec-
tion of microbeads into the eyes of CxWT mice produced a signif-
icant reduction in the amplitude of the pSTR (Figure 7B) and OPs 
and a prolonged latency of the OPs from stimulus onset (Figure 
7E). However, we observed no significant difference in the ampli-
tudes of the pSTR and OP components of the ERG between con-
trol and microbead-injected Cx36–/– mice (Figure 7, C and F). The 
change in onset latency of OPs in microbead-injected CxWT mice 
was also not observed in the microbead-injected Cx36–/– retinas.

To assess the propagation of signals to central visual struc-
tures, we measured the photopic visual evoked potentials (VEPs) 
in occipital cortex. The VEPs recorded in C57BL/6 mice 8 weeks 
after the initial microbead injection were significantly reduced 
in amplitude compared with those measured in control animals 
(Figure 7G). Treatment of C57BL/6 mice with MFA produced a 
small increase in the VEP amplitude compared with that record-
ed in untreated animals (Figure 7G). However, MFA preserved the 
VEP amplitude in microbead-injected mice to levels seen in con-
trol mice treated with MFA alone (Figure 7G). Similarly, glauco-
matous CxWT mice showed a marked reduction in VEP amplitude 
compared with control levels (Figure 7H). The attenuation in VEP 
amplitude was not observed in microbead-injected Cx36–/– mice, 
indicating a significant functional protection of signal transmis-
sion from retina to central visual pathways (Figure 7I).

Cx36 ablation preserves normal visual behavior of glaucomatous 
animals. In the final series of experiments, we determined wheth-
er ablation of Cx36-expressing GJs could prevent the deterioration 
of visually guided behavior of mice associated with experimental 
glaucoma. Behavioral measures of spatial vision in Cx36–/– mice 

Figure 5. Expression of Cx36 is upregulated in 
experimental glaucoma. (A–C) Representative 
images of vertical sections of C57BL/6 mouse 
retinas immunostained for Cx36 and counter-
stained with DAPI under control condition and 8 
weeks after microbead injection with or without 
MFA treatment. Scale bar: 50 μm for all panels. 
(D and E) Quantification of the Cx36 immuno-
labeled plaques revealed a significant upreg-
ulation in the IPL of the glaucomatous retina 
specifically in the sublamina-a. No significant 
change in Cx36 expression or distribution was 
observed in glaucomatous retinas of MFA-treat-
ed mice. Plaque counts were performed per 16 × 
300 μm area for sublamina-a and 33 × 300 μm 
area for sublamina-b in at least 8 sections and 
averaged across retinas (5 retinas per group). (F 
and G) Representative images of vertical retinal 
sections immunostained for Cx45 from control 
and glaucomatous mice. Scale bar: 50 μm in 
both panels. (H) Quantification of the number 
of Cx45 immunoreactive plaques in the IPL of 
control and glaucomatous retinas (n = 4 retinas 
per group). Plaques were counted per 50 × 300 
μm area covering both sublamina (a+b) of the 
IPL. Z-stack: 5 sections, 0.7-μm steps for all 
images. All data are presented as mean ± SEM. 
*P < 0.05, ***P < 0.001, Student’s t test.
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Figure 6. Ablation of neuronal Cx36 protects the optic nerve in experimental glaucoma. (A) Representative cross-sectional images of the glial lamina region of the 
optic nerve from control CxWT animals immunostained for GFAP, SMI32, and DAPI. Magnified images of the area outlined in the left panel show the immunolabel-
ing pattern for GFAP and SMI32. Scale bars: 100 μm for all panels in the left column and 25 μm for panels in all other columns. (B) Representative cross-sectional 
images of the glial lamina region of the optic nerve from CxWT animals 8 weeks after initial microbead injection. Conventions are the same as in A. (C) Representa-
tive cross-sectional images of the glial lamina region of the optic nerve from Cx36–/– mice under control conditions. Conventions are the same as in A. (D) Represen-
tative cross-sectional images of the glial lamina region of the optic nerve from Cx36–/– animals 8 weeks after initial microbead injection. Conventions are the same 
as in A. (E) Quantification of GFAP labeling in the cross sections of optic nerves of CxWT mice under control and glaucomatous conditions (n = 5 optic nerves 
per group). (F) Quantification of GFAP labeling in the cross sections of optic nerves of Cx36–/– mice under control and glaucomatous conditions (n = 5 optic 
nerves per group). (G) Quantification of SMI32 labeling in the cross sections of optic nerves of CxWT mice under control and glaucomatous conditions (n = 5 
optic nerves per group). (H) Quantification of SMI32 labeling in the cross sections of Cx36–/– mice under control and glaucomatous conditions (n = 5 optic nerves per 
group). Z-stack: 5 sections, 0.7-μm steps for all images. Data are presented as mean ± SEM. *P < 0.05, ***P < 0.001, Student’s t test.
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tal glaucoma, we found that genetic ablation of Cx36 produced 
significant protection of retina structure and function. Interest-
ingly, ablation of both Cx36 and Cx45, which are expressed by 
most, if not all, GJs in the inner retina, produced no additional 
protection compared with knockout of Cx36 alone. In addition, 
we found a significant upregulation of Cx36, but not Cx45, pro-
tein in the OFF sublamina-a of the IPL in glaucomatous retinas, 
suggesting an amplification of the bystander effect, which was 
prevented by GJ blockade with MFA. Interestingly, recent studies 
have demonstrated that OFF α-RGCs, which ramify their process-
es in the OFF sublamina of the IPL, are initially more vulnerable 
to glaucomatous insult than ON α-RGCs (46–48). Overall, these 
results indicate that Cx36-expressing GJs play a principal role in 
secondary cell loss in glaucoma and thus form a selective target 
for neuroprotection.

The loss of RGCs in human and animal models of glauco-
ma often shows territorial heterogeneity (45, 49). An important 
question then is whether the bystander effect subserved by gap 
junctional coupling can provide for such a pattern of cell death. 
Although tracer coupling through GJs usually shows a symmet-
rical configuration (50), the extent and strength of coupling of 
Cx36-expressing GJs in both inferior olive (51) and retina (52) 
can exhibit marked heterogeneity. Thus, while it remains unclear 
whether the initial cell loss in glaucoma shows territoriality, the 
variability in GJ conductances could provide for or extend hetero-
geneous cell loss through the bystander mechanism.

In addition to neuronal GJs, many non-neuronal cells in the ret-
ina and optic nerve, including astrocytes, Müller cells, and microg-
lia, also maintain GJs. However, these glial GJs express Cx43, 
indicating a different subunit structure from those expressed by 
neurons. As glial cells play a key role in cell homeostasis, Cx43- 
expressing GJs have been implicated in the brain’s response and 
overall susceptibility to ischemia, inflammation, and injury (53). 
In models of retinal ischemia, blockade of Cx43 GJs or prevention 
of Cx43 protein upregulation reduced overall cell death and injury 
in the retina and optic nerve (17, 54). Interestingly, Cx43 protein in 
retina is upregulated following optic nerve injury, and it has thus 
been suggested that glial GJs or hemichannels may play a role in 
neuronal loss associated with glaucoma (55). However, a direct 
link between Cx43 and the pathogenesis of neuronal death in 
glaucoma has not yet been established.

In contrast, the present results indicate a key role in glaucoma 
for bystander cell death mediated by Cx36-expressing neuronal 
GJs. In addition to the structural and functional protection of ret-
ina, we found that ablation of Cx36 protein produced significant 
protection of optic nerve structure, including RGC axons. The 
maintenance of optic nerve integrity in microbead-injected Cx36–/–  
mice was supported by the conservation of the cortical VEP as well 
as spatial and contrast sensitivity at control levels, indicating that 
visual signals were effectively propagated from retina to brain. 
The optic nerve has been recognized as the initial site of damage 
leading to death of RGCs in glaucoma, classifying it as an axog-
enic disease (1, 2). Emerging evidence, however, indicates that 
morphological and functional changes in RGCs may occur prior to 
the optic nerve degeneration (46–48). Interestingly, the protection 
afforded to the optic nerve in microbead-injected Cx36–/– animals 
is intriguing, in that Cx36 protein is not expressed there, suggest-

and their CxWT littermates were made under control conditions 
and then 8 weeks after microbead injection to assess changes in 
spatial acuity and contrast sensitivity. Mice were initially trained 
to perform a 2-alternate forced-choice task in a Y water maze to 
discriminate a test stimulus from a control gray screen (41, 42). 
Mice in each group were tested for contrast sensitivity to sinusoi-
dal grating stimuli of 100%, 50%, 30%, and 20% contrast, each 
at spatial frequencies of 0.1, 0.3, and 0.5 cycles per degree (cpd). 
Measures made 8 weeks after initial microbead injection indicat-
ed a small reduction in contrast sensitivity with borderline signifi-
cance (P = 0.05–0.09) to gratings of 0.1 cpd for both mouse strains 
(Figure 8A). However, contrast sensitivity to 0.3- and 0.5-cpd grat-
ings was significantly reduced in microbead-injected CxWT mice 
(Figure 8, B and C). In contrast, we found no change in the con-
trast sensitivity of microbead-injected Cx36–/– mice for all gratings 
tested (Figure 8, A–C). We next tested the spatial acuity of both 
Cx36–/– and CxWT mice using 0.1-, 0.3-, and 0.5-cpd gratings at 
100% contrast. Under control conditions, CxWT could readily 
discriminate all spatial gratings based on the 75% correct thresh-
old criterion (Figure 8D). However, 8 weeks after microbead injec-
tion, the CxWT mice showed significant deterioration in spatial 
acuity, as only the 0.1-cpd grating could be correctly discriminated 
(Figure 8D). In contrast, the spatial acuity of microbead-injected 
Cx36–/– mice was indistinguishable from that seen under control 
conditions. Thus, ablation of Cx36 prevented the attenuation of 
the tested spatial vision parameters normally seen after induction 
of experimental glaucoma.

Discussion
Advancing visual dysfunction associated with glaucoma results 
from the progressive cell death and axonal loss in the retina and optic 
nerve (3, 20–22, 43, 44). While a variety of intracellular and extracel-
lular cascades subserve cell loss in neurodegenerative diseases such 
as glaucoma (45), the mechanism(s) responsible for the progressive, 
secondary cell losses has remained unclear. Here we have demon-
strated that intercellular communication mediated by neuronal GJs, 
consistent with bystander cell death (9–12), plays a critical role in 
the progressive loss of inner retinal neurons and optic nerve axons 
in experimental glaucoma. As a result, pharmacological blockade 
of retinal GJs with the nonselective inhibitor MFA offered signifi-
cant protection of the retina, largely preventing the thinning of the 
nuclear and plexiform layers and the reactive gliosis linked to over-
all structural damage. Moreover, GJ blockade produced a marked 
increase in the survivability of RGCs and ACs in glaucomatous eyes, 
with preservation of cell numbers and soma-dendritic architecture 
to those observed in control retinas. The finding that blockade of 
GJs resulted in nearly complete protection of ACs is consistent with 
recent work showing that ACs coupled to RGCs via GJs are highly 
vulnerable in glaucomatous retinas, whereas those not coupled are 
largely undamaged (22). These data suggest that AC loss in glauco-
ma occurs secondary to RGC loss via the GJ-meditated bystander 
effect. This preservation of inner retinal neurons resulted in a corre-
sponding protection of retinal function as indicated by preservation 
of pSTR and OP components of the ERG at control levels.

It has been shown that different cohorts of GJs, based on their 
connexin makeup, mediate secondary cell death in the retina 
under different insult conditions (12). In our model of experimen-
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Figure 7. Blockade of neuronal gap 
junctions preserves retina and optic 
nerve function in glaucoma. (A) 
pSTR of scotopic ERG from C57BL/6 
mice under control conditions and 
8 weeks after initial microbead 
injection with and without MFA. His-
togram of the pSTR peak amplitude 
under different conditions (n = 17 
eyes per condition). (B) pSTR from 
CxWT mice. Histogram of pSTR peak 
amplitude changes under different 
conditions (n = 9 eyes per condi-
tion). (C) pSTR from Cx36-/- mice. 
Histogram of pSTR peak amplitude 
changes under different conditions 
(n = 15 eyes per condition). Light 
intensity = –4.3 log scot. cd·s/m2 for 
panels A–C. (D) OPs of the scotopic 
ERG from C57BL/6 mice. Histogram 
of OP summed amplitude under 
different conditions (n = 14 eyes per 
condition). (E) OPs of CxWT mice. 
Histogram of OP summed amplitude 
from control (n = 10 eyes) and glau-
comatous mice (n = 8 eyes). (F) OPs 
recorded in Cx36-/- mice. Histogram 
of OP summed amplitude from con-
trol (n = 15 eyes) and glaucomatous 
(n = 14 eyes) mice. Light intensity 
= –0.4 log scot. cd·s/m2 for panels 
D–F. (G) Photopic VEPs from control 
and glaucomatous C57BL/6 mice. 
Histogram of VEP peak amplitude in 
control (n = 9 mice) and glaucoma-
tous mice (n = 7 mice). (H) VEPs from 
CxWT mice. Histogram of VEP peak 
amplitude under different conditions 
(n = 5 mice per condition). (I) VEPs 
from Cx36-/- mice. Histogram of VEP 
peak amplitude under different 
conditions (n = 5 mice per condition). 
Light intensity = 1.85 log cd·s/m2  for 
panels G–I. Data presented as mean 
± SEM. *P < 0.05, **P < 0.01, ***P 
< 0.001, Student’s t-test for B, C, 
E–I and 1-way ANOVA followed by 
Tukey’s multiple comparison test for 
A and D.
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of potential drugs that can selectively block Cx36-expressing GJs 
will be necessary to establish a therapeutic dose in humans, which 
maximizes neuroprotective actions while minimizing any delete-
rious effects of GJ obstruction on vision.

Methods
Animals. Experiments were performed on either C57BL/6 mice or 
connexin knockout (Cx36–/– and Cx36–/– Cx45–/– double-knockout) 
mice and their wild-type (CxWT) littermates. The Cx36–/– mice and lit-
termates were derived from F2 C57BL/6-129SvEv mixed-background 
litters (56). To create Cx36–/– Cx45–/– mice, we used Cx45–/– mice 
(59), which were first generated in David Paul’s laboratory (Harvard 
Medical School, Boston, Massachusetts, USA) by crossing of Cx45fl/fl 
mice with mice expressing Cre recombinase under control of the neu-
ron-directed nestin promoter to yield Cx45fl/fl nestin-Cre mice. These 
were then bred with Cx36–/– or Cx36+/– mice to yield Cx45fl/fl Cx36−/− 
nestin-Cre mice (mice lacking both Cx36 and Cx45). The C57BL/6 
mice were originally obtained from The Jackson Laboratory and sub-
sequently bred in the animal care facility at the College of Optometry, 
State University of New York. Animals were kept under a 12:12-hour 
ambient light cycle and fed ad libitum. For all experiments, animals 
were selected randomly within each group. All the experiments were 
performed on 3- to 4-month-old mice of either sex.

Induction of elevated IOP by microbead injection. The intraocular 
pressure (IOP) was elevated by injection of 10-μm-diameter polysty-
rene microbeads (Invitrogen) into the anterior chamber as previously 
described (24). The intracameral injections were performed unilateral-
ly with 2 μl of microbead suspension (containing 7.2 × 106 beads) using 
a glass micropipette connected to a microsyringe. The cornea was 
gently punctured using a 30-gauge needle before intracameral injec-
tions. An equivalent volume of PBS was injected into the contralateral 
eyes to provide control (sham) measurements. A second microbead 
injection was performed during the fourth week, which maintained 
elevated IOP for at least 8 weeks. All injections were performed on 

ing that the pathogenesis of the optic nerve and retina, the latter 
where Cx36 is localized, must be mechanistically linked.

Taken together with results of previous studies (6–8, 22), our 
findings suggest a novel framework for understanding and there-
by preventing the progressive damage associated with glaucoma. 
Whether the damage from elevated IOP is initiated in the optic 
nerve with axonal loss leading to retrograde somatic injury or 
begins with somatic RGC loss in the retina, the result is the death 
of the most vulnerable RGCs. The residual loss of RGCs and optic 
nerve axons that we found after GJ blockade or Cx36 ablation in 
glaucomatous eyes likely reflects this primary injury. It is widely 
believed that the primary RGC loss subsequently promotes sec-
ondary degeneration of surrounding healthy cells (2, 7, 8, 18, 45). 
The present findings indicate that the GJ-mediated bystander 
effect plays a critical role in the spread of injury and secondary cell 
death across the retina. This injury also results in an upregulation 
of Cx36, which strengthens GJ communication, thereby ampli-
fying and extending secondary cell loss. In turn, this secondary 
degeneration or bystander cell death results in anterograde degen-
eration of RGC axons, thereby expanding the damage to the optic 
nerve. As a result, the secondary cell loss via the bystander effect 
may ultimately be responsible for the majority of cellular and axo-
nal loss over time.

Our results thus reveal neuronal GJs, specifically those express-
ing Cx36, as potential targets for novel neuroprotective therapies 
to prevent the progressive retinal damage and visual deficits asso-
ciated with glaucoma. In our experimental paradigm, blockade of 
GJs or connexin deletion occurred prior to induction of glaucoma, 
and so it will be interesting to see whether intervention after ret-
inal injury occurs can significantly reduce progressive cell death. 
Finally, deletion of Cx36 in mice produces a significant reduction 
of RGC scotopic responses, but photopic responses appear unaf-
fected (56, 57), although some changes in ERG components have 
been reported under bright light conditions (58). Clearly, titration 

Figure 8. Ablation of GJs prevents a decline 
in behavioral measures of spatial vision in 
glaucomatous eyes. (A–C) Performance of 
CxWT mice (n = 5 animals per condition), and 
Cx36–/– mice (n = 4 animals per condition) under 
control and glaucomatous (8 weeks after initial 
bead injection) conditions, on a discrimination 
task between sinusoidal grating and gray visual 
stimuli. Grating frequencies (fs) were 0.1, 0.3, 
and 0.5 cpd, presented at contrasts ranging 
from 20% to 100%. (D) Changes in spatial acu-
ity, based on a threshold performance of 75%, 
calculated from data in A obtained at 100% con-
trast. Induction of glaucoma produced a decline 
in discrimination performance of CxWT mice for 
all gratings, indicating reduced spatial acuity. In 
contrast, there was no change in the discrimina-
tion performance of microbead-injected Cx36–/– 
mice, indicating a preservation of spatial acuity. 
All data are presented as mean ± SEM. **P < 
0.01, ***P < 0.001, 1-way ANOVA followed by 
Tukey’s multiple comparisons test.
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perature, and some were used for whole-mount preparation while oth-
ers were cryoprotected in 30% sucrose, embedded in tissue freezing 
medium (72592; Electron Microscopy Science), and cut as 10-μm-thick 
frozen sections. Vertical retinal sections or retinal whole mounts were 
blocked in 0.1 M PBS containing 10% normal donkey serum (NDS), 1% 
BSA, and 0.5% Triton X-100 for 1 hour. The tissues were then incubat-
ed with primary antibodies diluted in 0.1 M PBS containing 3% NDS, 
1% BSA, and 0.1% Triton X-100 overnight (sections) or for 48 hours 
(retinal whole mount) at 4°C. After an extensive washing in 0.1 M PBS, 
tissues were incubated for 2–4 hours in secondary antibodies. Tissues 
were then mounted in Vectashield media with DAPI (H-1200; Vector 
Laboratories). Images of immunolabeled tissues were taken by Olym-
pus FV1200 MPE confocal microscope (Olympus) with ×20 or ×40 (oil 
immersion) objectives. High-resolution (1,024 × 1,024 pixels) Z-stack 
images were taken using step size of 0.7–2.0 μm, compiled to a single 
plane, and analyzed quantitatively. The brightness and contrast of 
micrographs were adjusted using Photoshop CS6 (Adobe). The prima-
ry antibodies used were anti-GFAP (1:1,000, RA22101; Neuromics), 
anti-BRN3A (1:500, sc-31984; Santa Cruz Biotechnology), anti-GABA 
(1:500, PC213L; EMD Millipore), anti-calretinin (1:1,000, PA5-16681; 
Invitrogen), SMI32 (1:2,000, SMI32R-100; Covance), anti-Cx36 
(1:200, MAB3045; EMD Millipore), and anti-Cx45 (1:200, SC374354; 
Santa Cruz Biotechnology). The secondary antibodies used were don-
key anti-rabbit, -mouse, and -goat conjugated with Alexa Fluor 488, 
594, and 633, respectively (1:200; A-21206, R-37115, A-21082; Life 
Technologies). NB was visualized with Alexa Fluor 488/594–conjugat-
ed streptavidin (1:200, S32356; Invitrogen).

Assessment of retinal injury and neuronal death. The detailed meth-
ods to assess retinal injury and neuronal loss have been described pre-
viously (12). It has been shown that neuronal death in the mouse glau-
coma model can vary by sector eccentricity (61), and so all measures 
were made from the midperipheral regions, 1.5–2.0 mm from the optic 
disk. However, no variability occurs between retinal quadrants (61), 
and so measurements made in midperipheral regions within differ-
ent quadrants were summed and averaged. The total number of cells 
in GCL was computed using DAPI labeling of cell nuclei, and RGCs 
were labeled with BRN3A. BRN3A has been shown to label 86%–92% 
of RGCs in the rodent retina (31, 62). Vertically sectioned retina cell 
counts of DAPI- and BRN3A-labeled cells were performed manual-
ly per unit length of 630 μm within the midperipheral regions. The 
number of RGCs was then subtracted from the total number of cells in 
the GCL to derive the number of dACs in the GCL. For retinal whole 
mounts, BRN3A-positive RGCs were counted within 600 × 600 μm 
square area in each of the 4 retinal quadrants from the midperipher-
al region, and numbers were averaged for at least 3 retinas per each 
control and experimental condition. Cells in retinal whole mounts 
were counted using particle analysis in ImageJ (NIH). To measure a 
thickness of individual retinal layers, confocal images of DAPI-stained 
vertical sections from midperipheral retina were acquired at ×40 mag-
nification, and measurements were performed at similar distance (~2 
mm) from the optic nerve head using Fluoview software (Olympus). 
To assess gliosis caused by high IOP, we utilized ImageJ analysis soft-
ware (NIH), and counted the number of pixels with GFAP label above 
background in images obtained from individual retinal layers GCL, 
IPL, INL, and OPL of retinal whole mounts. The number of GFAP-pos-
itive pixels was then divided by the total number of pixels in the image 
and presented as a percentage of GFAP-covered area. Three square 

animals anesthetized with an i.p. injection of ketamine/xylazine mix-
ture and topical application of 0.5% proparacaine. Enucleations were 
performed at 8 weeks after the initial microbead injection, and retinas 
were assessed for gross structural and cellular damage.

IOP measurements. Measurements of IOP were made using 
a tonometer (TonoLab; Colonial Medical Supply) as previously 
described (25). The IOP measurements were made initially within 1–3 
minutes after anesthetizing of the mice with an i.p. injection of the ket-
amine/xylazine mixture and topical application of 0.5% proparacaine. 
Subsequent measurements were performed weekly between 10 am 
and 12 pm, to minimize the effect of diurnal IOP variation. For each 
weekly IOP measurement, 6 readings were averaged for each eye.

Pharmacological blockade of GJs. The GJ blocker meclofenamic acid 
(MFA; Sigma-Aldrich) was delivered to C57BL/6 or CxWT mice via 
subcutaneous osmotic minipumps (model 2004; Alzet). In some early 
experiments we also administered MFA by intravitreal injection (2 μl 
of 500-μM solution). The 2 methods of MFA administration produced 
qualitatively similar results in terms of protection of neurons and pre-
vention of retinal injury (compare Figure 3, E and G, and Supplemental 
Figure 5). However, unlike humans, the lens in the mouse eye occupies 
most of the globe. Thus, multiple intravitreal injections carried out 
weekly often could not avoid damage to the lens, resulting in a cataract 
that could compromise light stimulation used in ERG and VEP record-
ings and behavioral experiments. Therefore, all MFA was delivered by 
osmotic minipumps in all experiments reported here. To implant the 
minipumps, mice were anesthetized under surgical isoflurane anesthe-
sia and placed on a heating pad. The minipumps were filled with an MFA 
solution and inserted subcutaneously on the dorsum by an incision 1.5 
times the diameter of the pump, and the wound was closed with suture 
(nylon 6-0). Pumps were implanted 1 day before microbead injection and 
replaced at 4 weeks. After 8 weeks, ERG and VEP recordings were per-
formed, followed by histochemical experiments. To determine the opti-
mum dosage of MFA at which it blocks the GJ between RGCs and ACs, 
we administered different doses of MFA (5, 10, and 20 mg/kg/d). After 1 
week, RGCs in control and MFA-treated eyes were retrogradely labeled 
through the optic nerve cut (as described below) with the GJ-permeant 
tracer Neurobiotin (NB; Vector Laboratories), and coupling was evalu-
ated by the presence of NB-labeled ACs in the INL (12, 60). We found 
that MFA at doses of 5 and 10 mg/kg/d had little effect on gap junctional 
coupling, whereas at a dose of 20 mg/kg/d MFA effectively blocked the 
coupling between RGCs and ACs as evidenced by the absence of NB-la-
beled ACs in the INL (Supplemental Figure 6, A–C). The effectiveness of 
this approach to assess coupling was tested by evaluation of AC labeling 
in eyes of Cx36–/– mice retrogradely labeled with NB. Similar to the effect 
of MFA dosed at 20 mg/kg/d, no NB-labeled ACs were observed in the 
INL of retinas from Cx36–/– mice (Supplemental Figure 6D).

Retrograde labeling of retinal neurons. The method for retrograde 
labeling of RGCs has been reported previously (12). Briefly, isolat-
ed globes with attached optic nerves were submersed in oxygenated 
Ames medium, and a drop of NB (4% in 0.1 M Tris buffer) was applied 
to the optic nerve cut for 40 minutes. The cornea and lens were 
removed, and the remaining retina eyecups were washed in oxygenat-
ed Ames medium for 1 hour. The tissues were then subjected to histo-
logical analysis as described below.

Immunohistochemistry. The immunohistochemical methods have 
been described previously (12). Briefly, the eyecups were fixed with 4% 
paraformaldehyde in 0.1 M PBS, pH 7.4, for 30 minutes at room tem-
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solution, under dim red light, and 1% methyl cellulose was used to 
moisten the cornea. Body temperature was maintained around 37°C 
with an electric heating pad. Platinum electrodes were placed on the 
corneal surface of both eyes to record ERGs; needle reference and 
ground electrodes were inserted into the cheek and the skin in the 
back of the neck, respectively. The ERG responses were recorded from 
both eyes simultaneously. Visual stimuli consisted of brief (<5 ms) 
white Ganzfeld flashes ranging between –6.7 and 2.0 log scot. cd · s/m2 
(scotopic candela seconds per meter squared), produced by an array 
of light-emitting diodes (Espion ColorDome Stimulator; Diagnosys). 
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 resolution of 0.1 μV. The STR was elicited 
in the intensity range of –4.9 to –4.0 log scot. cd· s/m2, and the ampli-
tude of positive STR (pSTR) was measured from baseline. Responses 
in the intensity range of –0.4 to 2.0 log scot. cd· s/m2 were band pass 
filtered (70–300 Hz) to extract the oscillatory potentials (OPs). The 
OP amplitude was expressed as the sum of the first 5 OPs (OP1–OP5) 
measured from trough to peak, and the OP timing was expressed as 
the sum of the OP1–OP5 peak times. Visual evoked potentials (VEPs), 
which reflect activity of the visual cortex, were recorded under phot-
opic conditions with a 5-ms flash of 1.85 log cd· s/m2 stimulus strength 
following 10 minutes of light adaptation (63). A needle scalp electrode 
placed under the skin close to midline near the visual cortex served 
as the recording electrode with the same reference and ground as for 
the ERGs. To reduce noise levels in recordings, 200–250 individual 
sweeps were averaged and recorded.

Behavioral measures of spatial vision. The vision of mice was assessed 
with a behavioral assay performed in a commercially available Y water 
maze (San Diego Instruments) with sectional dimensions of 15 × 3 × 6 
inches (l × w × h). Each of the 2 split arms of the Y water maze faced a 
computer monitor, both of which were calibrated for equal luminance. 
Each monitor pseudorandomly displayed either a gray screen or spa-
tial sine wave grating (64) encoded in Matlab (Mathworks) and Psych-
toolbox (65) that respectively served as the negative and the positive 
stimuli. We found that animals in which subcutaneous minipumps 
were inserted for MFA delivery had significant problems swimming the 
water maze, which compromised the ability to assess the visual behav-
ioral tests. Furthermore, as described above, 7 weekly intravitreal injec-
tions of MFA often led to development of cataracts, due to accidental 
damage to the lens, that compromised animals’ vision. We therefore 
limited the behavioral tests to CxWT and Cx36–/– animals, which both 
navigated the water maze with similar proficiency. CxWT and Cx36–/– 
mice were trained to perform a 2-alternate forced-choice task (41, 42). 
Mice were continuously trained to swim to a platform placed in the arm 
facing the spatial gratings until the performance improved from 50% 
to 80%–90%. After training, mice were evaluated for both spatial acu-
ity and contrast sensitivity. Spatial acuity was assessed using gratings 
of 0.1, 0.3, and 0.5 cycles per degree (cpd) at 100% contrast. Contrast 
sensitivity was measured using the 0.1-, 0.3-, and 0.5-cpd gratings 
presented with contrast ranging from 20% to 100%. A 75% accuracy 
was taken as the threshold of correct performance. After control values 
were obtained, a subset of animals received intracameral injections of 
microbeads bilaterally to induce glaucoma. The first 7 days (week 0) 
following the injection was allowed for recovery from the injection. 
Mice then performed the water maze tasks over a course of 8 weeks, at 
which point spatial acuity and contrast sensitivity were reassessed. A 

areas of 300 × 300 μm in each quadrant (midperipheral region) were 
selected for analysis, and values were averaged across at least 3 control 
and 3 experimental retinas for each protocol. This parameter was inde-
pendent of differences in the intensity of label within or across retinas. 
Similar measurements were performed to evaluate the SMI32-positive 
axons in the whole mounts from control and experimental retinas. The 
thickness of the individual retinal layers was measured in ×40 magni-
fied images of vertical retinal sections selected from the midperipher-
al region and stained with DAPI using Olympus confocal microscope 
and Fluoview FV1000 software. All data were imported into Sigma-
plot software (Systat Software), and histograms were constructed.

Optic nerve preparation and immunostaining. Globes attached with 
optic nerves were isolated and then dissected approximately 1 mm 
anterior to the optic nerve head. The posterior part of the eye with 
optic nerve was fixed with 4% paraformaldehyde and cryoprotected as 
described above, and then cross sections of 8–10 μm were cut through 
the glial lamina region. Cross sections were immunostained for GFAP 
and SMI32, and mounted on a glass slide with Vectashield medium 
containing the nuclear stain DAPI (Vector Laboratories). To assess 
the axonal density, the percentage of cross-section area covered by 
SMI32-positive axons was measured in 8–10 cross sections per optic 
nerve and averaged for total number of optic nerves in each control 
and experimental condition.

Western blot. Retinal tissue samples from control and microbead- 
injected eyes were collected and homogenized using an electric 
homogenizer in lysis buffer containing 0.25 M Tris, 1.92 M glycine, 
and 1% SDS in PBS with Mini Complete Protease Inhibitor (Ther-
mo Fisher Scientific) and stored at –80°C. The protein concentration 
was quantified using the Micro BCA assay (Thermo Fisher Scientific) 
according to the manufacturer’s instructions. A 40-μg protein sam-
ple from each group was diluted in loading buffer (60 mM Tris-HCl, 
pH 6.8, 5% β-mercaptoethanol, 2% SDS, 10% glycerol, 0.025% bro-
mophenol blue) and heated at 95°C for 5 minutes. The samples along 
with molecular weight markers were electrophoresed on 12% SDS–
polyacrylamide gel and transferred onto a PVDF membrane (Thermo 
Fisher Scientific). The membrane was then blocked with Amersham 
ECL Prime Blocking Reagent (GE Healthcare Life Sciences) 1.5% in 1× 
PBS and 0.1% Tween-20 (PBST) for 1 hour at room temperature. The 
membrane was incubated overnight at 4°C with a mouse anti–con-
nexin 36/35 monoclonal primary antibody (1:250, catalog MAB3045; 
EMD Millipore) diluted in blocking buffer. After 4–5 washes with 
PBST, each for 5 minutes, the membrane was incubated for 2 hours at 
room temperature with an anti-mouse secondary antibody conjugated 
to HRP (1:10,000, catalog sc-2371; Santa Cruz Biotechnology), which 
was diluted in blocking buffer. After PBST washing, the proteins were 
detected using an ECL detection system (SuperSignal West Femto 
Maximum Sensitive Substrate; Thermo Fisher Scientific) according to 
the manufacturer’s instructions. For internal control, membrane was 
stripped and reprobed for β-actin mouse monoclonal antibody (1:200, 
catalog sc-47778; Santa Cruz Biotechnology) using the same proce-
dure as described above. The mean band intensities were determined 
using ImageJ and normalized against β-actin band as loading control.

ERG and VEPs. Scotopic ERGs were recorded as described previ-
ously (22). Mice were dark-adapted overnight and anesthetized with 
ketamine (70 mg/kg) and xylazine (7 mg/kg). Pupils were dilated 
with 2.5% phenylephrine hydrochloride (17478-200-12; Akorn) and 
accommodation blocked with 1% tropicamide (17478-101-12; Akorn) 
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paper towels and illuminated with a 100-W bulb that served as the heat 
source. Mice were returned to their holding cage after each trial and 
rested for 2–3 minutes before the next trial was performed.

Statistics. Data are presented as mean ± SEM from at least 3 inde-
pendent experiments. Sample size (retinas, eyes, mice) was determined 
on the basis of our previous studies (12, 22). The eyes showing signs of 
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eyes, or mice) were allocated to their experimental groups according 
to their genotype, and therefore there was no randomization. To com-
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