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Purroskt. Retinal astrocytes abundantly express connexin 43 (Cx43), a transmembrane
protein that forms gap junction (GJ) channels and unopposed hemichannels. While it is
well established that Cx43 is upregulated in retinal injuries, it is unclear whether astro-
cytic Cx43 plays a role in retinal ganglion cell (RGC) loss associated with injury. Here,
we investigated the effect of astrocyte-specific deletion of Cx43 (Cx43KO) and channel
inhibitors on RGC loss in retinal ischemia/reperfusion (I/R) injury and assessed changes
in expression and GJ channel and hemichannel function that occur in I/R injury. The
effect of Cx43 deletion on neural function in the uninjured retina was also assessed.

MerHops. Cx43 expression, astrocyte density and morphology, and RGC death in wild-
type and Cx43KO mice after I/R injury were determined using immunohistochemistry and
Western blotting. Visual function was assessed using ERG recordings. GJ coupling and
hemichannel activity were evaluated using tracer coupling and uptake studies, respec-
tively.

Resurrs. Loss of RGCs in I/R injury was accompanied by an increase of Cx43 expression in
astrocytes. Functional studies indicated that I/R injury augmented astrocytic GJ coupling
but not Cx43 hemichannel activity. Importantly, deletion of astrocytic Cx43 improved
neuronal survival in acute ischemia but did not affect RGC function in the absence of
injury. In support, pharmacologic inhibition of GJ coupling provided neuroprotection in
I/R injury.

Concrusions. The increase in Cx43 expression and GJ coupling during acute I/R injury
exacerbates RGC loss. Inhibition of astrocytic Cx43 channels might represent a useful
strategy to promote RGC survival in pathologic conditions.

Keywords: neuroprotection, astrocytes, connexins, retinal ganglion cells, ischemia reper-
fusion injury

t is now well established that astrocytes play vital roles

in the maintenance of neuronal homeostasis.!”* In the
retina, astrocytes interact closely with retinal ganglion cell
(RGC) bodies and axons in the optic nerve head and
provide structural and neurotrophic support.? Astrocytes
affect RGC function by insulating their axons, clearing
neurotransmitters and mitochondrial debris, and buffer-
ing extracellular ions3~7 In response to injury, astrocytes
undergo alterations in morphology and gene expression,
a process referred to as astrogliosis (or reactivity) that is
characterized by an increased expression of glial fibrillary
acidic protein (GFAP), hypertrophy, increased production
of proinflammatory cytokines, and changes in the expres-
sion of extracellular matrix proteins.>”’~1® These changes
are observed in different types of retinal injury, includ-
ing elevation of IOP, damage to the optic nerve, and after
ischemia.”"1112 Astroglial reactivity has been shown to both
protect and damage neurons, depending on the degree of
neuronal injury and the type of insult.8113-16

A common feature of astrocytes in the retina and
brain is the presence of gap junctions (GJs) that serve
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to communicate electrical and chemical signals directly
between adjacent cells.}”>!® GJ channels, comprising proteins
called connexins, are formed by the docking of hexam-
eric connexin hemichannels from each adjacent cell. In
the retina, GJ coupling in astrocytes is solely provided
by connexin 43 (Cx43) and enables these cells to form
a functional syncytium.'®-2° Astrocytic Cx43 can also form
hemichannels in the absence of docking, providing trans-
membrane and paracrine signaling.?!~?> In addition to astro-
cytes, Cx43 is present in the retinal vasculature and has been
detected in Muller glial cell cultures, albeit at much lower
expression levels.?0-2

The contribution of astrocytic GJ coupling and hemichan-
nels to RGC function and survival is not fully understood.
It is established that various types of retinal injury cause
an increase in the expression of Cx43 in astrocytes (and
endothelial cells)*”'* or an alteration in its phosphorylation
status.'® These changes have been correlated to changes in
the strength of GJ coupling and contribute to either dele-
terious effects on astrocyte survival by transfer of toxic
metabolites in response to hypoxia'® or beneficial effects by
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facilitating metabolite transfer to injured neurons in early
glaucomatous injury.’® Pharmacologic studies also impli-
cate aberrant hemichannel activation in disease progression,
although studies indicate an involvement of Cx43 hemichan-
nels in endothelial cells rather than astrocytes.?’>3!

In this study, we examined the role of astrocytic Cx43 on
RGC survival in a mouse ischemia/reperfusion (I/R) model.
We show that I/R injury produces a loss of RGCs that is
paralleled by upregulation of astrocytic Cx43, an increase
of astrocytic GJ coupling but not hemichannel opening, and
astrocytic hypertrophy. Genetic ablation of astrocytic Cx43
or inhibition of GJ coupling significantly improves RGC
survival. In addition, we find that Cx43 deletion does not
alter retinal function in the absence of injury as assessed
by ERG recordings, indicating that Cx43 might represent a
viable target for neuroprotection in the retina.

METHODS
Animals

All animal procedures were conducted in accordance with
ARVO statement regarding use of animals in vision research
and were approved by the State University of New York
Optometry Institutional Animal Care and Use Commit-
tee. Experiments were performed on retinas obtained
from C57/BL6, conditional Cx43KO, and GFAPtd mice. All
animals purchased from Jackson Laboratories and animals
of both sexes were used for experiments. Astrocyte-specific
Cx43 conditional knockout mice were generated with the
Cre/LoxP system by breeding floxed Cx43 mice (stock no.
008039) to mouse glial fibrillary acidic protein mGFAP-Cre
mice (stock no. 012886), as previously reported.’® Astro-
cytes labeled with td-Tomato were created by crossing loxP-
tdTomato Ai9 reporter mice (stock no. 007909) with mGFAP-
Cre mice.

I/R Injury Model

I/R injury was induced as previously described, with minor
modifications.?? Briefly, 2-month-old mice were anesthetized
by intraperitoneal injections of ketamine 70 mg/kg and
xylazine 7 mg/kg. The pupil was dilated with 1% tropicamide
(Henry Schein, Inc., Melville, NY, USA), and cornea was
topically anesthetized with 0.5% proparacaine hydrochlo-
ride (Alcon, Fort Worth, TX, USA). The anterior chamber of
one eye was cannulated with a 30-gauge needle connected
to a reservoir of sterile saline. The reservoir was raised
to produce an IOP of 75 to 80 mm Hg for 60 minutes.
Ischemia was confirmed by the whitening of the eye. After
60 minutes, the needle was withdrawn, and reperfusion was
confirmed by the reappearance of normal black color to
the iris. The contralateral sham-treated eye was used as
control. Temperature was maintained using a heat pad. IOP
was measured using a tonometer (TonoLab, Franconia, NH,
USA). An antibacterial ointment, vetropolycin, was applied to
prevent infection. Enucleated eyes after euthanization were
processed after 1, 3, or 7 days postinjury (dpi).

Intracellular Neurobiotin Injections

Experimental procedures are similar to our previously
reported work.'® Briefly, eyes were enucleated and reti-
nas were dissected in oxygenated HEPES buffer, transferred
to filter papers (12-mm diameter cell culture inserts with
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0.4-pm pore size; Millipore Sigma, Burlington, VT, USA),
and kept in a chamber perfused with oxygenated bicarbon-
ate extracellular buffer. A single tdTomato-labeled astrocyte
was injected with the GJ permeable tracer Neurobiotin (NB;
5 mg/mL) using a 15-mV positive current for 15 minutes
in the whole-cell configuration. NB-filled cells were visual-
ized using Alexa Fluor 488-conjugated streptavidin, which
binds to NB. To ensure that the injected cells are astro-
cytes, retinas were stained with a mouse anti-GFAP primary
antibody followed by donkey anti-mouse secondary anti-
body conjugated with Alexa 674. Astrocytes labeled with
NB were counted manually in images obtained with confo-
cal microscopy using Image]J software (National Institutes of
Health, Bethesda, MD, USA).

EtBr Uptake Assay

Ethidium bromide (EtBr) uptake assay was performed as
previously described.'® Briefly, eyes were enucleated, and
retinas were dissected and incubated in PBS supplemented
with 2 mM CaCl, and 1 mM MgCl, in the presence or absence
of 300 pM Gap19 (Millipore Sigma) for 15 minutes at room
temperature. Then, 4 pM EtBr (Millipore Sigma) was added
to the solution for 10 minutes. Retinas were rinsed with
PBS, fixed with paraformaldehyde (PFA) for 30 minutes, and
stained against GFAP for confocal imaging. Uptake of EtBr
was assessed by quantification of relative fluorescence inten-
sity of EtBr in astrocytes. Relative fluorescence intensity was
obtained by subtracting the mean fluorescent intensity of
astrocytes from background fluorescence.

Intravitreal Injections

Mice were anesthetized with intraperitoneal injections
of a mixture of ketamine 70 mg/kg and xylazine
7 mg/kg. The Cx43 inhibitor SBO15 (compound 18 =
5-(4-phenoxybutoxy) isoquinoline) (see Ref'?) was diluted
in PBS and injected intravitreally at a concentration of 20 pM
to the left eyes one day after I/R. The right eyes received PBS
to serve as control (sham).

Immunohistochemistry

For whole-mount preparations, eyes were enucleated and
retinas were isolated and fixed in PFA solution (4% in PBS;
Santa Cruz Biotechnology, Dallas, TX, USA) for 15 minutes
at room temperature. Tissue was incubated with block-
ing buffer containing 5% Chemiblocker (Millipore Sigma,
Burlington, VT, USA), 0.5% Triton X-100, and 0.05% sodium
azide (Millipore Sigma) for 1 hour. Whole mounts and
vertical frozen sections were incubated with appropriate
primary antibodies overnight at 4 °C, washed with PBS, and
further incubated with fluorescent secondary antibodies for
1 hour at room temperature. Primary antibodies included
goat anti-Brn3a (1:1000; Santa Cruz Biotechnology), mouse
anti-GFAP (1:1000; Thermo Fisher Scientific, Waltham, MA,
USA), rabbit anti-Cx43 (1:1000; Millipore Sigma), and rabbit
anti-Sox9 (1:500; Millipore Sigma). Primary antibodies were
diluted in the same blocking buffer and applied for 24
hours, followed by a 3-hour incubation with appropri-
ate secondary antibody, Alexa 488 (1:500; Thermo Fisher
Scientific), Alexa 594 (1:500; Thermo Fisher Scientific), and
Alexa 647 (1:500; Thermo Fisher Scientific). Imaging was
performed using a confocal microscope (Olympus, Tokyo,
Japan) and processed and analyzed with ImageJ software
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(National Institutes of Health). The cell counter function in
Image] was used to measure astrocyte and ganglion cell
numbers. Cx43 puncta were analyzed with puncta analyzer
(Image]J plug-in), with the threshold for pixel size set at 1
to 20. GFAP mean fluorescence pixels were measured in a
selected area of 0.1 mm?. Density analysis was performed
to assess GFAP-positive astrocytic processes using the parti-
cle analysis function in Image]J. Images were converted to a
black and white image with the threshold set above 4; this
threshold value reduced interference from activated Miiller
cell end-feet from density analysis of astrocyte reactivity
in injury. The threshold parameters were identical for each
measurement when comparing different groups. Quantifica-
tion of GFAP-positive astrocyte reactivity was measured as
the percentage of area occupied by GFAP labeling in each
region of interest.

Western Blot of Cx43

Western blot was performed as previously described.!®
Briefly, four retinas from naive or injured mouse eye
were dissected in ice-cold PBS and then lysed in
250 pL RIPA buffer (Millipore Sigma) supplemented with 1%
protease inhibitor mixture (Millipore Sigma) and 1x phos-
phatase inhibitor mixture (Roche). The protein concentra-
tion was quantified using a BCA protein assay kit (Thermo
Fisher Scientific); then, 20-pg of protein was loaded and
separated by 12% polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride membranes. After
blocking with 1.5% ECL prime (Cytiva Amersham, Marlbor-
ough, MA) blocking solution in tris buffered saline, 0.1%
Tween 20 (TBST) for 1 hour, the blots were immuno-
labeled with primary antibodies against rabbit anti-Cx43
(1:6000; Millipore Sigma) or mouse anti-tubulin (1:20,000;
Millipore Sigma) overnight at 4°C. Then, blots were washed
with TBST and incubated with horseradish peroxidase—
conjugated secondary antibody goat IgG (1:20,000; Santa
Cruz) at room temperature for 1 hour. The membrane
blots were washed and visualized by SuperSignal West
Femto substrate (Thermo Fisher Scientific). The intensity
of the band was imaged with the iBright imaging system
(Thermo Fisher Scientific) and quantified by densitometry
using Image]J software.

ERG Recordings

Scotopic ERGs were recorded as described previously.!®
Briefly, 3- to 5-month-old mice were dark adapted for 18
to 24 hours. Animals were anesthetized with intraperitoneal
administration of 70 pg ketamine/g body weight and 7 pg
xylazine/g body weight diluted in saline. Pupils were dilated
with topical tropicamide solution (1%) (Henry Schein, Inc.).
Platinum electrodes were placed at the cornea of both eyes.
The reference electrode was inserted into the cheek and
the ground electrode was inserted under the back skin.
ERG responses to brief white LED test flashes with inten-
sities in the range of —6.7 to 2.9 log candela (cd)-s/m? for
positive scotopic threshold response (pSTR) and —3.0 to
0.3 log cd-s/m? for a- and b-waves were recorded using
the Espion electrodiagnostic system (Diagnosys LLC, Lowell,
MA, USA). Responses of both eyes to each stimulus inten-
sity were averaged to represent a single data point. The
data value represents the maximum response amplitude of
a-wave, b-wave, and pSTR.
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Statistics

Statistical analyses were performed using the Origin7pro
software, Northampton, MA, USA. Results are presented as
mean =+ SD. z values correspond to the number of mice used
in ERG experiments and #n values correspond to the number
of retinas used in all other experiments. One-way ANOVA
and unpaired two-sample Student’s #-test at the significance
level of ¢ = 0.05 (95% confidence interval) was used for
comparisons between two mice groups of different geno-

types.

RESULTS

Effect of Cx43 Deletion on Normal Retinal
Function

In a previous study, we showed that deletion of Cx43
in astrocytes markedly reduced Cx43 labeling in astro-
cytes and reduced retinal expression of Cx43 protein by
~90%.!®8 Functional studies further showed that absence of
Cx43 completely reduced GJ coupling as assessed by NB
transfer,'® indicating that other connexin subtypes are not
expressed in astrocytes or upregulated after Cx43 deletion.
The inability of astrocytes to form a coupled network in Cx43
KO retinas did not affect angiogenesis during early postna-
tal development and did not alter the structure and function
of the neural retina.!® The thickness of the outer and inner
nuclear layers was not different between wild-type (WT)
and Cx43 KO mice. Consistent with these histologic find-
ings, ERGs showed that scotopic a- and b-wave amplitudes
of Cx43 KO retinas were not significantly different from WT
retinas at P28. To further characterize whether Cx43 deletion
affects normal retinal function in adult animals (3-5 months
of age), we measured the numbers of RGCs and astrocytes in
Cx43 flox (WT) and knockout (KO) littermates, using Brn3a
and Sox9 labeling, respectively (Figs. 1A, 1B). There was no
difference in Brn3a* RGC and astrocyte numbers between
WT and KO mice. In addition, the amplitude of pSTR, a
measure of RGC function, was also measured at two different
intensities (Fig. 1C). There was no significant difference in
pSTR amplitudes between WT and Cx43 KO mice (Fig. 1C).
There was a small but significant change in the latency to
the peak of the pSTR at the lower intensity (131.5 £ 8.17 ms
and 120.4 + 3.85 ms for WT and Cx43KO, respectively, at
—4.2 log cd-s/m?*; P = 0.024), but this effect was not
seen at the higher light intensity (P = 0.89) (data not
shown). Finally, scotopic a- and b-wave amplitudes were
also unaffected by Cx43 deletion in astrocytes in adult
mice (Fig. 1D). Taken together, these results indicate that
astrocyte Cx43 does not significantly affect normal RGC
function.

Ischemic Reperfusion Injury Induces RGC Death
but Does Not Affect Astrocyte Numbers

I/R injury was induced by elevating intraocular pressure as
described previously (see Methods). This procedure caused
a significant increase in RGC death.3*73> To evaluate RGC
loss, retinal whole mounts were labeled with the selective
RGC marker Brn3a, which labels 85% to 90% of RGCs in
the rodent retina.® Cell counts were obtained from midpe-
ripheral regions from the four retinal quadrants of identical
size (~1.5-2.0 mm from the optic disk). Brn3a labeling in
retinas after I/R injury was compared with contralateral and
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Ficure 1. Effect of Cx43 deletion in astrocytes on normal retinal function. (A) Representative confocal images from WT (left panel) and
Cx43KO (right panel) mouse retinas immunostained with Brn3a (red), GFAP (green), and Sox9 (blue). Scale bar: 50 pm. (B) Quantification
of Brn3a-positive RGCs (left) and Sox9-positive (right) cells in WT and Cx43KO mice (z = 6-9). Data show no significant difference in the
number of Brn3a- and Sox9-positive cells. (C) pSTR recorded at —3.3 log cd-s/m? from WT (n = 7) and Cx43KO (1 = 6) mice. Dashed
line indicates baseline. The amplitudes of pSTR at two different intensities did not show significant differences between WT and Cx43KO.
(D) Representative ERG traces recorded at —0.3 log cd-s/m? and quantification of the a-wave (leff) and b-wave (right) amplitude. Data are

presented as mean + SD. Student’s /-test, not significant (ns) P > 0.05.

naive retinas in WT mice. As shown in Figure 2, Brn3a®t RGC
numbers, assessed at 3 and 7 dpi, decreased by 43.4% =+
4.3% and 74.1% =+ 3.1%, respectively, compared with naive
control eyes (P < 0.001). In addition, we found that Brn3a*
RGC numbers in contralateral retinas were not different from
those obtained from naive eyes (Fig. 2B).

In contrast, I/R injury did not cause a significant
change in the density of astrocytes. Astrocyte numbers were
assessed using Sox9, which labels nuclei of glial cells in the
retina and the brain.” No significant differences in the densi-
ties of astrocytes were observed between control and 7 days
after I/R injury. However, I/R injury caused marked morpho-
logic changes in astrocytes, including hypertrophy of the
astrocytic cell soma and processes, consistent with reactive
remodeling (see below).

Retinal I/R Injury Upregulates Cx43 in Astrocytes
and Promotes Gliosis

Upregulation of Cx43 and gliosis has been observed in vari-
ous retinal diseases and in various diseases models, includ-
ing the rat I/R injury model.”” Changes in expression of
Cx43 and astrocyte reactivity in I/R injury also occur in
mice. Figure 3 shows immunolabeling for Cx43 in control
and after I/R injury from WT and Cx43KO mice. Consistent
with previous studies,'® % intense punctate staining of Cx43
in GFAP-expressing astrocytes can be observed in retinal
whole-mount preparations in control. I/R injury induced a
significant increase in Cx43 labeling in astrocytes (Fig. 3A).
The increase in the number of Cx43 puncta in astrocytes

in WT retinas occurred as early as 1 dpi after I/R injury
and showed a gradual increase at 3 dpi and 7 dpi of I/R
injury compared with contralateral control eyes (Fig. 3B). In
comparison, Cx43 puncta were virtually absent in retinas in
which Cx43 was genetically deleted from GFAP-expressing
cells (Fig. 3A).

The increase in Cx43 immunolabeling was confirmed by
Western blotting of lysates obtained from control and I/R
retinas (Fig. 3C). Cx43 protein exhibits multiple differentially
migrating isoforms when analyzed by electrophoresis.®~4! A
faster migrating band that includes the nonphosphorylated
isoform (referred to as the PO band) is observed at 40 kDa,
and at least two slower migrating forms (referred to as P1
and P2) are seen at 41 kDa and 43 kDa, respectively. In
response to I/R injury, there was a large increase in both the
P1 and P2 forms, whereas the PO form of Cx43 was unaf-
fected. The total Cx43 protein was obtained by combining
the bands corresponding to the three distinct isoforms and
indicated that Cx43 protein levels were significantly upreg-
ulated after I/R injury (Fig. 3C).

We also examined whether the elimination of astrocytic
Cx43 alters the morphologic changes to astrocytes asso-
ciated with reactive remodeling. Therefore, we performed
density analysis of astrocytes in whole-mount retina from
WT and Cx43KO mice in control and after I/R injury
(Fig. 3D). There was an increase in GFAP-positive processes
in astrocytes at 3 dpi; this density was even higher at
7 dpi compared with control (P < 0.0001). Density analy-
sis of reactive astrocytes in Cx43KO showed that the Cx43
does not affect reactive remodeling changes in astrocyte
processes.
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Ficure 2. Loss of RGCs in retinal ischemia reperfusion model. (A) Representative confocal images from control (top panel) and 7 days after
I/R injury (bottom panel) acquired from whole-mount staining of WT mouse retinas labeled with Brn3a (red), GFAP (green), and Sox9 (blue).
Scale bar: 50 pm. (B) Quantification of the number of Brn3a-positive cells for naive (# = 7), contralateral (CL) (# = 10), and I/R retinas at
3 (n =11) and 7 (n = 11) dpi. There was a significant reduction of RGCs at 3 and 7 dpi control. (C) Quantification of Sox9-positive cells in
the nerve fiber layer (NFL). Data show no significant change in number of astrocytes after 7 dpi I/R injury, P = 0.96 versus control. Data are
presented as mean + SD. One-way ANOVA is used in B, ns P > 0.05; **P < 0.001 versus control. Student’s #test is used in C, ns P > 0.05.

Astrocytic Gap Junctional Coupling Is Elevated in
I/R Injury

To examine whether the upregulation in the expression of
Cx43 by I/R injury leads to an augmentation of GJ connec-
tivity, we introduced NB into individual astrocytes in retinal
whole mounts using whole-cell patch clamp. To facilitate
identification of astrocytes, we used a reporter mouse line
expressing tdTomato in astrocytes (by crossing a tdTomato
reporter mouse with a mouse expressing cre recombinase in
GFAP locus). After loading an individual cell for 15 minutes,
the retinas were fixed and then labeled with streptavidin
conjugated to Alexa 488. In uninjured retina, injection of the
NB into an individual astrocyte resulted in the diffusion of
the dye to multiple adjacent astrocytes (Fig. 4A). I/R caused
a marked increase in the strength of astrocytic GJ coupling.
The increase in GJ coupling (approximately twofold) was
detected within 24 hours of ischemic injury and persisted
for up to 7 dpi (Fig. 40).

We also labeled retinal whole mounts with markers for
RGCs (Brn3a) and microglia (Ibal) and did not find colocal-
ization of streptavidin-488 with RGCs or microglia (data not
shown), indicating that astrocytes do not couple with these
cell types in the retina. Expression of Cx43 and low levels of
GJ coupling has been documented between Miiller cells in
some species such as rabbit.>¥> However, Miiller glia in rat

retinas showed little evidence of GJ coupling, as assessed
by tracer spread.* In order to clarify this discrepancy, we
injected NB into Miiller cells before and after I/R injury. Our
data show no transfer of the tracer to adjacent Miller cells in
control or after I/R injury (Fig. 4B), consistent with previous
studies.!?4

I/R Injury Does Not Significantly Increase
Hemichannel Activity

Previous studies suggest that opening of astrocytic Cx43
hemichannels leads to excessive release of glutamate and
ATP and causes neuronal death in ischemic injury in the
brain.?!#~%7 To evaluate whether Cx43 hemichannel activity
is augmented in retinal I/R injury, we measured connexin-
specific EtBr dye uptake as previously described.’® EtBr
uptake assay was performed in PBS solution supplemented
with divalent cations. We found that uptake of EtBr by astro-
cytes was slightly increased in both control and I/R retina
after 7 dpi (Fig. 5). The difference in intensity of dye uptake
between control and I/R retina was insignificant in astro-
cytes and not blocked by Gap19, a peptide that specifically
blocks Cx43 hemichannels. These results suggest that Cx43
hemichannels do not mediate neuronal damage in the retinal
I/R model.
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Ficure 3. Cx43 expression is upregulated in reactive astrocytes in I/R injury. (A) Representative images from the NFL that shows expression
of gap junction protein Cx43 (green) in astrocytes stained with GFAP (red) in control and I/R retinas from WT and Cx43KO mice. Panels
on the Jeft are magnified images from the insert (white box). Scale bar: 50 pm. (B) Normalized Cx43 puncta per area shows an increase of
Cx43 expression in I/R retina at 1 dpi (n = 4), 3 dpi (n = 5), and 7 dpi (n = 5) compared with control (z = 10). (C) Western blot of retinal
lysates of Cx43 in control and after I/R injury (lef?). Quantification (right) of total Cx43 protein in WT retina showing a significant increase
in Cx43 protein expression after 7 dpi I/R injury (n = 4). (C) Quantification of the astrocytic density based on GFAP staining (red) of WT
(n = 14-15) and Cx43KO (n = 10-12) retinas in control and I/R injury. GFAP-positive areas were increased in both WT and Cx43KO mice

after 7 dpi I/R injury. Data are presented as mean £ SD. Student’s #-test, ns P > 0.05; *P < 0.05; ***P < 0.001 versus control.

Genetic Ablation of Astrocytic Cx43 or
Pharmacologic Inhibition of Cx43 Channel
Improves Survival of RGCs

To determine whether the extensive GJ coupling affects
neuronal survival under pathologic conditions, we
compared RGC loss in Cx43KO and WT retinas after
I/R injury. Brn3a labeling indicated a 2.5-fold increase
in RGCs in Cx43 KO retinas compared with WT after
7 days following I/R injury (*P < 0.001), indicating that
Cx43 deletion is neuroprotective in I/R injury (Fig. 06).
To confirm that this protection is due to Cx43 channel

activity, we injected a specific Cx43 channel inhibitor,
SBO15 (20 pM), intravitreally 24 hours after I/R injury. In a
previous study, we showed that SBO15 selectively inhibits
Cx43 channels without affecting channels formed by other
connexin subtypes present in the retina.'® SBO15 also
reduced astrocyte degeneration in vivo in a mouse model
of oxygen-induced retinopathy.!® Intravitreal injection of
SBO15 caused a significant increase in Brn3a™ RGC viability
following 7 days of I/R injury (P < 0.01), **P < 0.01 versus
I/R () SBO15 (Fig. 6). Collectively, these experiments
indicate that elimination of astrocytic GJ coupling improves
Brn3a® RGCs survival after I/R injury.
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I/R injury reduces retinal thickness due to loss of Cx43KO I/R retinas with the nuclear marker DAPI and GFAP.

neuronal cells*® and increases GFAP expression in Miiller
glia. To determine whether the increases in Brn3a®™ RGC
survival caused by astrocytic Cx43 ablation have down-
stream effects on retinal thickness and GFAP expression,
we stained vertical sections of WT control, WT I/R, and

DAPI labeling revealed a significant decrease in thickness of
the WT retina after 7 dpi compared with control (Fig. 7B).
The decrease in retinal thickness was mainly due to thin-
ning of the inner plexiform layer (data not shown). This
decrease in retinal thickness exhibited a partial recovery
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in Cx43KO (Figs. 7A, 7B). We also found that deletion of
Cx43 reduced GFAP expression in the retina. In control reti-
nas, GFAP expression was localized exclusively in astrocytes
in the ganglion cell layer (GCL). In I/R injury, consistent
with reactivity, expression of GFAP was significantly upreg-
ulated in Miller cell processes in WT retinas but showed
only a modest increase in Cx43KO retinas (Fig. 7C). This
partial recovery of GFAP upregulation seen in Cx43KO reti-
nas is likely due to neuroprotection afforded by Cx43 dele-
tion rather than a direct effect on Miiller cells, because these
glial cells were not found to be coupled to each other by GJs
(see Fig. 4B).

DISCUSSION

Astrocytes are spatially distributed in the nerve fiber layer
in the retina and function as a syncytium by virtue of
their extensive GJ coupling. The function of this widespread
astrocytic coupling in retinal physiology and pathophysiol-
ogy remains an active area of study. Previous studies have
shown that astrocytic GJ channels and hemichannel formed
by Cx43 can exert both protective and deleterious effects
on RGC function in response to hypoxic or glaucomatous
injury.!8:27:30:35 I this study, we demonstrate that the expres-
sion and function of Cx43 are increased in an experimental
mouse model of ocular hypertension that has been used to
study mechanisms of RGC injury and neuroprotection. In
addition, we show that deletion of Cx43 reduced Brn3a*t
RGC loss, as well as mitigated damage to the inner retina
and reduced Miller cell gliosis. Our data indicate that phar-
macologic blockade of Cx43 channels is also beneficial and
preserves Brn3a™ RGCs after retinal I/R injury. Finally, Cx43
deletion in astrocytes did not produce overt changes in RGC
function in the absence of injury, suggesting that targeting
Cx43 for neuroprotection is unlikely to affect visual trans-
mission.

The role of Cx43 channels in retinal ischemia has been
previously examined in the rat I/R model.?”-*> Connexin-
mimetic peptides, which inhibit both GJ channels and
hemichannels,?® were shown to curtail vascular leakage
and reduce neuronal loss.”’” These effects were attributed
to an increase in expression of Cx43 in endothelial cells,
followed by the opening of Cx43 hemichannels in vascu-
lar cells. Although the authors did not examine whether
Cx43 hemichannels are activated in the intact retina follow-
ing I/R injury, primary endothelial cells in culture subjected
to ischemia showed enhanced dye uptake, suggesting that
hemichannels might be activated in these cells.?” Retinal
ischemia also caused an upregulation of Cx43 in astrocytes,
but the significance of this increase to vascular leakage or
ganglion cell death was not explored.”” Our results estab-
lish that astrocytic Cx43 contributes significantly to RGC loss
seen in this injury model.

Both an increase of Cx43 hemichannel activity and GJ
coupling in astrocytes have been well documented in a vari-
ety of central nervous system (CNS) injury models.*->% Cx43
hemichannels are normally closed in physiologic conditions
and open in response to pathologic stimuli such as ischemia,
oxidative stress, and glutamate toxicity. However, in retinal
I/R injury, astrocytes did not show connexin-specific EtBr
uptake. In contrast, we found a significant increase in GJ
coupling soon after initiation of injury, supporting the notion
that GJ coupling rather than hemichannel activity promotes
the detrimental effect on neuronal survival. This finding is in
line with other studies in the brain and in the retina that indi-
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cate that an increase in astrocytic GJ coupling expands the
scope of the focal injury and exacerbates neuronal loss.>4->7
However, we do not exclude the possibility of the contribu-
tion of Cx43 hemichannels in RGC death seen in other retinal
diseases, including glaucoma and diabetic retinopathy.

Previous studies suggest that Cx43 is expressed not
only in astrocytes and endothelial cells but also in Miiller
glia.??*:3> Unlike these reports, we did not detect expres-
sion of Cx43 in Miiller cells and microglia before or after
ischemic injury. In addition, we did not detect dye coupling
between adjacent Miiller cells before or after injury. Previous
studies have similarly shown that the magnitude of coupling
in Miuller glia, as assessed by the spread of low molecu-
lar weight tracers, is very low.'>* Recent single-cell RNA
sequencing studies also indicate that GJA1, the gene that
encodes for Cx43, is predominantly found in astrocytes and
endothelial cells, whereas Miiller cell expression was low
and restricted to a few cell types.”® Whether this discrep-
ancy is due to species differences (mouse versus rabbit) is
unclear and warrants additional studies.

Astrocytes respond to CNS injury by adopting a reac-
tive state, termed astrogliosis, characterized by a variety
of morphologic and molecular changes. Along with astro-
cyte reactivity, upregulation of Cx43 in astrocytes also
has been observed in various models of injury in the
brain.?5:59-% Similar to those reports, we observed that astro-
cytes undergo significant morphologic changes concomitant
with a steady increase in expression of Cx43 protein in
response to retinal I/R injury, which accompanied the loss
of neuronal cells.

The mechanism underlying the deleterious effect of
Cx43 on RGC loss remains to be determined. Astrocytes
adopt a multitude of reactive states during the course
of neurodegenerative diseases.®10:11:13:64-67 These context-
specific effects are governed by the action of several signal-
ing pathways and through crosstalk with other cells, includ-
ing microglia.!%-%0-% Furthermore, the overall impact of reac-
tive astrocytes on neuronal function varies with disease
severity and duration and can lead to beneficial or dele-
terious clinical outcomes.!®%4%70 For example, astrocyte
reactivity in early disease stages mediates neuroprotective
effects in glaucoma and other CNS diseases.!!'1571-73 In
contrast, reactive astrocytes in chronic injury settings appear
to actively promote inflammation and contribute to disease
pathogenesis.!>1674-78 In this context, gene profiling stud-
ies indicate that a subset of reactive astrocytes adopts a
phenotype that is detrimental to neuronal function in glau-
comatous injury and optic nerve crush.®>” This transcrip-
tionally defined subset of astroglial cells was induced in
response to factors secreted by activated microglia (IL1a,
TNFa, and C1q).°»” Importantly, inhibiting the formation
of this reactive astrocyte subset markedly increased RGC
survival in glaucomatous injury.'%7 In line with these
findings, selective ablation of NF-«B, a transcription factor
that controls many aspects of the astrocyte proinflamma-
tory responses, or of TNFa signaling increased RGC viabil-
ity and decreased levels of proinflammatory cytokines.”>77:78
We hypothesize that Cx43 channels help propagate the
inflammatory insult in I/R injury, transforming more astro-
cytes to a reactive subtype that is harmful to RGC function.
Genetic ablation of Cx43 is expected to markedly reduce
such propagated signaling between astrocytes and reduce
RGC loss in I/R injury. Future studies will be aimed at analyz-
ing the gene profiles in WT and Cx43 KO astrocytes after

injury.
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A limitation of our study is that RGC loss was measured
using Brn3a labeling. Although Brn3a labels 85% to 90% of
RGCs, there is evidence that Brn3a expression is reduced in
certain retinal injuries, prior to RGC loss.>*®° Therefore, it is
possible we overestimated the death of RGCs in our analyses.
Future studies using different RGCs markers combined with
functional studies might provide more accurate estimates of
RGC loss.
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