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Gap Junction-Mediated Death of Retinal Neurons Is
Connexin and Insult Specific: A Potential Target for
Neuroprotection
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Secondary cell death via gap junctions (GJs) plays a role in the propagation of neuronal loss under a number of degenerative disorders.
Here, we examined the role of GJs in neuronal death in the retina, which has arguably the most diverse expression of GJs in the CNS.
Initially, we induced apoptotic death by injecting single retinal ganglion cells and glia with cytochrome C and found that this resulted in
the loss of neighboring cells to which they were coupled via GJs. We next found that pharmacological blockade of GJs eradicated nearly all
amacrine cellloss and reduced retinal ganglion cellloss by ~70% after induction of either excitotoxic or ischemic insult conditions. These
data indicate that the GJ-mediated secondary cell death was responsible for the death of most cells. Whereas genetic deletion of the GJ
subunit Cx36 increased cell survivability by ~50% under excitotoxic condition, cell loss in Cx45 knock-out mouse retinas was similar to
that seen in wild-type mice. In contrast, ablation of Cx45 reduced neuronal loss by ~50% under ischemic insult, but ablation of Cx36
offered no protection. Immunolabeling of the connexins showed differential changes in protein expression consistent with their differing
roles in propagating death signals under the two insults. These data indicate that secondary cell death is mediated by different cohorts of
GJs dependent on the connexins they express and the type of initial insult. OQur results suggest that targeting specific connexins offers a

novel therapeutic strategy to reduce progressive cell loss under different neurodegenerative conditions.
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Introduction

In addition to the intrinsic mechanisms underlying primary cell
death, intercellular communication appears to play a major, but
presently unclear, role in so-called secondary cell death (Andrade-
Rozental et al., 2000; Decrock et al., 2009). In this scheme, a primary
insult leads to the death of a limited cohort of vulnerable cells,
which, in turn, pass toxic molecules via gap junctions (GJs) to
coupled neighbors. There is now substantial evidence that
cells that are clustered and can thereby communicate via GJs
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tend to die en masse under a broad range of neurodegenerative
conditions (Frantseva et al., 2002; Lei et al., 2009; Wang et al.,
2010; Belousov and Fontes, 2013).

In contrast, some studies have reported that GJs may actually
protect cells. Evidence for this “good Samaritan” role include the
findings that GJ inhibitors can induce apoptosis (Lee et al., 2006;
Hutnik et al., 2008) and that deletion of GJ connexins can in-
crease neuronal loss (Naus et al., 2001; Striedinger et al., 2005). It
has been posited that GJs are portals by which healthy cells pro-
vide dying neighbors with rescue signals or that toxic substances
can be diluted within a coupled syncytium (Krysko et al., 2005).
Apoptotic conditions induce various changes in the structure of
GJs, including phosphorylation of connexins (Lin et al., 2007),
suggesting that the connexin makeup of a GJ may be a critical
factor in determining its contribution to cell death or survival.

The retina displays arguably the most diverse expression of
GJs in the CNS, which are widely distributed among the five
neuronal types and express a variety of connexin subunits
(Bloomfield and Vélgyi, 2009). GJ-mediated secondary cell death
has been implicated in retinal neuron loss seen under a number of
degenerative conditions, including retinitis pigmentosa, glau-
coma, and ischemia (Ripps, 2002; Das et al., 2008). On the other
hand, deletion of connexins has failed to increase the survivability
of cone photoreceptors in a mouse model of retinitis pigmentosa
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Figure 1.  Injection of CytCinto single cells results in GJ-mediated apoptosis of neighboring
coupled cells. A-F, Representative photomicrographs of uncoupled (4-C) and coupled (D-F)
RGCs in whole-mount retinas injected with the mixture of Neurobiotin and CytC to visualize GJ
coupling and toinduce cell apoptosis, respectively. , Overlay of A and B represents apoptosis of
the impaled RGC, but not any neighboring cells. F, Overlay of D and E represents that apoptosis
was spread among neighboring cells coupled to impaled RGC (asterisk). G—I, Representative
confocal image of coupled Miiller cells in retinal vertical section, one of which (asterisk) was
injected with Neurobiotin + CytC (G) and then labeled with anti-caspase 3 antibody (H) to
detect apoptotic cells. /, Overlay of G and H represents spread of death in coupled neighboring
Miiller cells. Scale bars: A-C, G—1, 20 pwm; D—F, 50 um.

(Kranz et al., 2013) and has been reported to increase cell loss
after retinal trauma (Striedinger et al., 2005), suggesting that GJs
can be neuroprotective. Thus, the role of retinal GJs in cell death/
survivability remains unclear.

Here, we describe results of a comprehensive study of the role
of GJs in secondary neuronal death in the retina initiated by
excitotoxic or ischemic conditions. We found that both insults
produce significant loss of retinal ganglion cells (RGCs), which
leads to a subsequent loss of amacrine cells to which they are
coupled. Moreover, pharmacological blockade of GJs or genetic
deletion of connexins increased the survivability of neurons by
up to 70%, indicating that GJ-mediated secondary cell death ac-
counted for the loss of most retinal neurons. We also found that
secondary cell death is mediated by different cohorts of GJs, based
on the connexins they express, depending on the type of initial
insult. Targeting specific connexins may thus offer a novel thera-
peutic approach to reduce progressive cell loss under different neu-
rodegenerative conditions.

Materials and Methods

Retina-eyecup preparation. All animal procedures were in compliance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Animal Care and
Use Committees at State University of New York College of Optometry
and New York University School of Medicine. Experiments were per-
formed on retinas of wild-type (WT), connexin knock-out (KO) mice
(Cx36 ~'7,Cx45 '~ ,and Cx36 ~/~/45 '~ dKO), and their heterozygous
(Het) littermates (WT: n = 97 of either sex; Cx36 ~/~: n = 7 male and 7
female; Cx45 ' ~:n = 11 female and 4 male; Cx36 '~ /45 /= dKO: n =
1 female and 2 male; Cx36 */~: n = 4 female and 7 male; Cx45 7/ ~:n =
4 female and 4 male; Cx36 7/~ /45%/7: n = 1 female and 2 male). The
Cx36 /~ mice and Het littermates were derived from F2 C57/B6—
129SvEv mixed background litters (Deans et al., 2002) The Cx45 =
were generated by crossing Cx45™" mice with mice expressing Cre
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Figure 2. NMDA-induced excitotoxic cell death is significantly reduced by GJ blockers.
A, C, NMDA-induced cell death in the GCL of control retinas, and those treated for 30 min
with 25 m of 18 3-GA (B), or 50 um of MFA (D) before exposing to NMDA (300 jum). Top,
Experiments in which live and dead cells are marked with calcein-AM (green) and
ethidium homodimer (EthD, red), respectively. Bottom, Experiments in which retrograde
labeling through optic nerve cut with LY was used to label RGCs and then retinas processed
with EthD to detect dead cells. E, Histogram represents the protective effect of GJ blockers
on RGCs against NMDA-induced excitotoxicity. The number of dead cells was counted
manually per unit area from 5 different visual fields in the GCL of whole-mount retinas
pretreated with 183-GA (n = 12/n = 3), or MFA (n = 42/n = 5), and numbers were
normalized to one obtained in retinas exposed to NMDA alone (control, n = 44/n = 5).
**p < 0.001 versus control. Scale bar, 100 wm.

recombinase under control of the neuron-directed Nestin promoter to
yield Cx45":Nestin-cre mice (Blankenship et al., 2011; Pang et al.,
2013). The methods used to impale and label neurons have been de-
scribed previously (Hu and Bloomfield, 2003; Volgyi et al., 2009). Briefly,
flattened retina-eyecups were placed in a superfusion chamber, which
was mounted on the stage of a BX51WI light microscope (Olympus)
within a light-tight Faraday cage. An IR-sensitive CCD camera (Dage)
captured the retinal image, which was displayed on a video monitor. The
retina-eyecups were superfused with a oxygenated Ames medium
(Sigma-Aldrich) supplemented with NaHCO, and maintained at 35°C.

Intracellular injections. For intracellular injections, neurons were visu-
alized and impaled with standard, sharp glass microelectrodes filled with
cytochrome C (CytC, 10 mg/ml, ~1 mm) and Neurobiotin (4%) in 0.1 m
Tris buffer. Substances were injected iontophoretically for 15-20 min
using a sinusoidal current (3 Hz, 1-5 nA p-p).

Immunocytochemistry. After experimental treatment, retinas were
fixed with 4% PFA in a 0.1 M PBS, pH 7.4, for 30 min at room tempera-
ture, cryoprotected in 30% sucrose, embedded in Tissue-Tek OCT Com-
pound (Andwin Scientific), and frozen. Cryosections (18 —20 wm thick)
were cut and mounted on microscope slides. For immunostaining, sec-
tions were blocked in 3% donkey serum in 0.1 M PBS supplemented with
0.5% Triton X-100, and 0.1% NaNj for 1 h at room temperature. Pri-
mary antibodies were diluted in 0.1 M PBS with 0.5% Triton X-100, 0.1%
NaNj, and 1% donkey or goat serum. Tissues were then incubated with
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primary antibodies for 3 h at room tempera-
ture or overnight at 4°C. The following
primary antibodies were used: rabbit anti-
calretinin 1:2000, rabbit anti-calbindin 1:1000,
goat ant-ChAT (choline acetyltransferase)
1:100 (all from Millipore), rabbit anti-GFAP
(glial fibrillary acidic protein) 1:1000 (Invitro-
gen), rabbit anti-active caspase 3 1:200 (Ab-
cam); and mouse anti-Cx35/36 1:300 and mouse
anti-Cx45 1:300 (both from Millipore). After ex-
tensive washing with 0.1 M PBS, tissues were in-

cubated for 1 h in secondary anti-goat/rabbit/

mouse antibodies conjugated to Alexa-488 or = 50
Alexa-594 (1:200, Invitrogen). Retinal sections 8
were counterstained with the nuclear dye o 40
propidium iodide (Invitrogen). Neurobiotin <
was visualized with Alexa-488/594-conjugated 3 %0
streptavidin (Invitrogen, 1:200). Tissues were § 20
then flat-mounted in Vectashield media (Vec- S

tor Labs), and fluorescent images were taken Zz 10
using a fluorescent microscope or a Zeiss 0
LSM510 or Olympus FV1200 MPE confocal Ctrl

microscope.

Induction of cell death. Various methods
were used to produce cell death. (1) Single-cell
apoptosis: CytC was injected into individual
RGCs or Miiller cells for 15 min after which
retinas were incubated for 4 h in oxygenated
Ames medium before fixation. After streptavi-
din histology, apoptotic cells were detected
with an anti-active caspase 3 antibody or with
TUNEL staining. (2) Excitotoxicity: To assess
the contribution of GJs to cell death within
populations of RGCs and amacrine cells, we
conducted parallel experiments in which reti-
nas were preincubated for 20 min in normal
Ames medium or in one containing the GJ blockers meclofenamic acid
(MFA; 50 um) or 18-B-glycyrrhetinic acid (188-GA; 25 um). Both con-
trol and drug-treated retinas were then exposed for 1 h to NMDA (100—
300 uMm) to induce excitotoxicity followed by 4 h in the control Ames
solution. (3) Retinal ischemia: Transient in vivo retinal ischemia was
induced by introducing into the anterior chamber a 33-gauge needle
attached to a saline-filled reservoir (0.9% sodium chloride) that was
raised above the animal so as to increase intraocular pressure to a level
120 mmHg above systolic blood pressure. MFA (2 ul, 500 um) was ad-
ministered intravitreally either 30 min before or 3 and 24 h after the
ischemic insult. The opposite eye was cannulated but maintained at nor-
mal intraocular pressure to serve as a normotensive control. After 4050
min, the needle was withdrawn and ischemia was evidenced by corneal
whitening (Osborne et al., 2004). After 7 d of reperfusion, mice were
killed and eyes were processed to assess retinal damage and neuronal
death. We also used oxygen-glucose deprivation (OGD) to induce in
vitro ischemia, in which retina-eyecups or isolated retinal whole mounts
were exposed continuously to either a control, oxygenated Ringer solu-
tion or one that was glucose-free and deoxygenated by bubbling exten-
sively with 95% N,/5% CO, at 34°C. After 60 min in the OGD
environment, retinas were transferred to a control, oxygenated Ames
medium for 4 h before processing to evaluate cell death.

Retrograde labeling and visualization of coupled cells. We used retro-
grade labeling of RGCs with Neurobiotin to visualize populations of
amacrine cells in the inner nuclear layer (INL) to which they were cou-
pled (Pang et al., 2011). Globes with attached optic nerves were sub-
mersed in oxygenated Ames medium, and a drop of Neurobiotin (4% in
0.1 M Tris buffer) was applied to the cut optic nerve for 40 min. For
retrograde labeling limited to RGCs, Neurobiotin was replaced with Lu-
cifer yellow (LY, 3%). In separate experiments, retrograde labeling was
performed in both eyes before incubating one eye in Ames medium
containing MFA (50 uM for 30 min) after which both eyes were exposed
to NMDA (300 um) for 1 h. Frozen retinal sections (20 wm thick) were

Figure3.
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Blockade of GJs reduced retinal injury and cell death after ischemia-reperfusion. A, In control retinas, GFAP expression
was confined exclusively to astrocytes in the GCL and nerve fiber layer (NFL). B, Seven days after reperfusion, the inner retinal
thickness was reduced and the GFAP immunoreactivity appeared to traverse throughout the retinal layers in the Miiller cell
processes. €, Intravitreal injection of MFA (500 wm, 2 wl) prevented changes in the retinal morphology and maintained normal
GFAPimmunoreactivity. D, Histogram represents the nuclear counts in the GCL of vertical sections of control (n = 19/n = 5),
and ischemic retinas in the presence (n = 16/n = 5) orabsence (n = 16/n = 5) of MFA. E, Histogram represents the GFAP
immunofluorescence intensity throughout the vertical section in control and ischemic retinas with or without MFA treat-
ment. MFA was injected intravitreally either once 30 min before (blue, n = 16/n = 5), or twice at 3 and 24 h after (yellow,
n = 12/n = 3) ischemic insult. Retinal sections were counterstained with propidium iodide (PI). *p < 0.01. Scale bar,

cutonacryostat and processed for assessment of cell death in the INL and
ganglion cell layer (GCL).

Assessment of cell injury and cell death. Apoptotic and necrotic cell
death was assessed by cell counts following: (1) staining with Live/Death
Viability Assay (calcein AM/ethidium homodimer (EthD) (Invitrogen);
(2) TUNEL; or (3) labeling for activated caspase 3. For population stud-
ies, dead cells were counted manually within 500 X 500 wm areas (5 per
retina) from micrographs of whole-mounts using images acquired by
confocal microscope. Cell counts were made per unit length (500 wm) of
frozen retinal cross-sections labeled with propidium iodide (2 ug/ml).

In some experiments, cells counts were limited to retrograde labeled
RGCs in the GCL or certain subpopulation of amacrine cells, identified
by specific markers, such as calretinin (CR), calbindin (CB), and ChAT in
the INL. Fluorescence intensity measures were made of GFAP, which is
overexpressed in Miiller glial cells after retinal injury (Bringmann et al.,
2006). Expression of GFAP and connexins was quantified by analysis of
confocal images with Metavue software (Molecular Devices). Average pixel
fluorescence intensities were measured by using uniform rectangular areas
(35 per image) extending either from the GCL to the outer limiting mem-
brane for GFAP or through the inner plexiform layer (IPL) for connexins.
The intensity values were then averaged for at least 5 images from 3 to 5
independent experiments and data were normalized to controls.

Statistics. Data are presented as mean * standard mean error. The
number of measurements performed for a given experiment (1) are given
as x/y where x is the total number of samples in which the measures were
made (e.g., flat mount areas or sectional lengths) and y is number of
retinas. Statistical comparisons were assessed using Student’s ¢ test. Val-
ues of p = 0.05 are considered statistically significant.

Results

GJs mediate secondary cell death in the retina

We initially examined whether GJ-mediated secondary cell
death occurred in the retina. In these experiments, we per-
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Pharmacological blockage of GJs
reduces RGC death under excitotoxic or
ischemic conditions

To determine the contribution of second-
ary cell death to the loss of RGCs pro-
duced under different neurodegenerative
conditions, we examined the effect of GJ
blockade on cell loss in the GCL. In initial
experiments, we induced excitotoxic cell
death by incubating retina-eyecups in
100-300 um NMDA (Fig. 2A,C). Cell
death counts were then performed in
these retinas (n = 44/n = 5) and com-
pared with retinas that were incubated in
the nonselective GJ blockers 183-GA (25
uM) or MFA (50 uMm) before exposure to
excitotoxic conditions (Fig. 2B,D). We
found that prior blockade of GJs with ei-
ther 1838-GA (n = 12/n = 3) or MFA (n =
42/n 5) significantly reduced (p <

Control

. = 0.001 for both drugs) cell death in the
=204 Z 12 Z GCL induced by excitotoxicity (Fig. 2E).
Z | e 2 40 Overall, NMDA-induced cell death was
= 15 3 g 8 reduced dramatically in the GCL of

© . .
NMEL R x ko) mouse retinas pretreated with 183-GA or
x 10 i Q
> 4 320 MFA compared with those treated with
O 51 ! ) 2 NMDA alone. In control experiments, ap-
o] o plication of 18 3-GA or MFA alone did not
Control ~ MFA Control MFA CR  ChAT affect cell viability (p > 0.1), supporting
the notion that the GJ blockers had no
Figure4. Visualization of amacrine cell subpopulations with low and high degrees of coupling toretrograde-labeled RGCs. 4, €, spurious toxic effects (Schulte et al.,

Retinal RGCs in control eyes were retrograde labeled for 40 min with Neurobiotin, and double labeled with antibodies against
amacrine cell marker (R, or ChAT. Cells positive to both Neurobiotin and corresponding amacrine cell markers are shown by
arrowheads. B, D, Blockade of GJs with MFA significantly reduced the number of Neurobiotin-labeled, CR-IR amacrine cells in the
INL but had little effect on ChAT-IR cell numbers. E, Histogram represents that, whereas the total number of CR-IR cells (per 500 um
section) in the INL of MFA-treated retinas was comparable with that in control (n = 18/n = 4, p > 0.1), the number of those
labeled with Neurobiotin was significantly reduced by MFA treatment (n = 8/n = 3). F, There was no significant difference in the
number of Neurobiotin-positive ChAT-IR cells in control (n = 16/n = 3) and MFA-treated retinas (n = 6/n = 3,p > 0.1). G,
Histogram quantifying the percentage of CR-IR and ChAT-IR amacrine cells in the INL that are coupled to RGCs under control

conditions. *p << 0.01. Scale bars, 50 um.

formed intracellular injections of single RGCs with CytC to
stimulate apoptosis and Neurobiotin to assess GJ coupling. To
determine whether apoptosis in a single cell could spread to
neighbors through a mechanism other than GJs, we randomly
injected large somata in the GCL that were presumably RGCs.
Following post hoc histological processing of Neurobiotin and
anti-caspase3 labeling, we found that injection of CytC into
uncoupled RGCs initiated cell death in the injected cell within
the experimental timeframe of 3—4 h, but no other neighbor-
ing neurons were lost (Fig. 1A-C). In contrast, injection of
CytC into RGCs that were coupled to other ganglion and/or
amacrine cells resulted in the death of not only the injected
cell, but also the coupled neighbors (Fig. 1D—F). These results
confirmed that secondary cell death does occur in the retina
and is dependent on functional GJs. It is important to note
that CytC, at 12,000 Da, is far too large a molecule to pass
across a GJ, indicating that other toxic molecules must be
moving intercellularly to promote cell death in coupled neigh-
bors. We also found that secondary cell death occurred in
coupled Miiller cells, indicating that this mechanism can re-
sult in progressive death of glia in addition to neurons (Fig.
1G-I).

2011). In addition, MFA, at the concen-
trations tested here, shows no inhibitory
effect on NMDA receptors in neurons
(Coyne et al., 2007), suggesting strongly
that the attenuation of NMDA-induced
cell death by GJ blockade was not due to
reduced NMDA receptor activity. Overall,
the significant protective effects of phar-
macological GJ blockade suggest that sec-
ondary cell death is responsible for the
progressive loss of the vast majority of RGCs under excitotoxic
conditions.

In a second phase of experiments, we examined the role of
secondary cell death in RGC loss associated with ischemic condi-
tions of the retina. We assessed retinal damage subsequent to
ischemia induced in vivo by raising intraocular pressure above
normal systolic levels to compress the vasculature (Osborne et al.,
2004). In control retinas (n = 19/n = 5), GFAP expression was
confined exclusively to astrocytes in the GCL (Bringmann et al.,
2006) (Fig. 3A,E). Expression of GFAP in ischemic retinas, how-
ever, was significantly upregulated as evidenced by the spread of
immunolabeling to Miiller cell processes at all retinal layers (p <
0.01) (Fig. 3 B, E). Ischemia also produced a significant reduction
in nuclear counts in the GCL (p < 0.01) accompanied by a
marked thinning of the retina, particularly the inner layers (Fig.
3A,B,D).

To assess the role of GJ-mediated secondary cell damage in
ischemic injury of the retina, eyes were injected intravitreally with
MFA either before or after insult. Treatment with MFA before
ischemic induction preserved retinal thickness, cell counts in the
GCL, and GFAP expression to levels seen in control retinas (Fig.
3C-E). Moreover, the protective effect of MFA administered 3
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and 24 h after transient ischemia was evi-
denced by maintenance of normal levels
of retinal thickness, GFAP expression, and
cell counts in the GCL measured 1 week
after insult; p < 0.01 for all measures (Fig.
3C-E).

GJs mediate amacrine cell loss after
retinal injury

It has been reported that 15 of the 22 mor-
phological subtypes of RGCs in the mouse
retina are coupled to amacrine cells (Vol-
gyi et al., 2009). This extensive coupling
suggests that the GJ-mediated secondary
cell death may also progress from RGCs to
coupled amacrine cell neighbors. To test
this idea, we examined the loss of ama-
crine cell populations immunolabeled
with CR, CB, or ChAT.

Initial experiments were performed to
determine whether CR-, CB-, and ChAT-
immunopositive amacrine cells were in-
deed coupled to RGCs. Ganglion cell
somata were retrogradely labeled with
Neurobiotin through the cut optic nerve.
Consistent with earlier reports, a large
number of cells in the INL and GCL were
immunoreactive to CR and ChAT with
three distinct IPL bands of CR-labeled
dendritic processes and two clear ChAT
bands of starburst-a and starburst-b ama-
crine cells (Voigt, 1986; Haverkamp and
Wiissle, 2000) (Fig. 4A,C). In addition to
CR-positive RGCs (or displaced amacrine
cells) in the GCL, we found (n = 18/n = 4)
that approximately one-half of the CR-
positive, presumed amacrine cells in the
INL showed Neurobiotin labeling (Fig.
4A,E,G), suggesting that they were cou-
pled to RGCs. Indeed, blockade of GJs
with MFA before retrograde labeling ef-
fectively eliminated all colocalized label-
ing of CR-positive amacrine cells in the
INL with Neurobiotin (n = 8/n = 3,p <
0.01) (Fig. 4B, E). It has been shown that
CB-immunoreactive labeling in the
mouse retina mimics that described for
CR, suggesting that they may label the
same subpopulations of amacrine and
RGCs (Haverkamp and Wissle, 2000).
Consistent with this idea, our results from
CB-immunolabeled retinas were similar
to those described for CR (data not
shown).

Although starburst amacrine cells in
the rabbit retina are not coupled to RGCs
(Xin and Bloomfield, 1997), we found a
small number (<10%) of ChAT-positive
cells in the INL of the mouse retina that
were labeled with Neurobiotin (n = 16/
n = 3) (Fig. 4C,F,G). However, applica-
tion of MFA did not produce a significant
reduction in the number of ChAT-
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Figure5.  Amacrine cells that are extensively coupled to RGCs show higher susceptibility to NMDA-induced excitotoxicity. 4, CR
labeled a large number of cells in the INL and GCL of control retina. B, In retinas exposed for 1h to NMDA (300 ), the number of
(R-positive cells was significantly reduced. C, In vitro treatment of retinas with MFA (50 wum, 30 min) prevented the reduction in the
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22/n = 3) and MFA-treated retinas (n = 6/n = 3). I-L, The number of ChAT-IR amacrine cells in control retinas. No significant
change in the number of ChAT-IR amacrine cells was observed in NMDA-treated retinas compared with controls (n = 20/n = 4).
Retinal sections were counterstained with propidium iodide (PI). *p << 0.01 versus control. Scale bars, 50 m.
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ischemia/reperfusion. G, Blockade of GJs by MFA largely prevented a reduction in the number of CB-IR cells. H, Histogram sum-
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controls (n = 25/n = 4 each, p > 0.1). Retinal sections were counterstained with propidium iodide. **p << 0.001 versus control.
Scale bars, 50 pm.
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positive amacrine cells labeled with Neurobiotin (n = 6/n = 3;
p > 0.1) (Fig. 4D,F). We conclude that, at best, only a small
number of starburst-a amacrine cells are coupled to RGCs.

In the next set of experiments, we examined how amacrine cell
death due to excitotoxicity was affected by blockade of GJs with
MFA. Application of NMDA produced a significant reduction of
CR-immunopositive (n = 18/n = 3; p < 0.01) and CB-
immunopositive (n = 22/n = 3; p < 0.01) subpopulations of
amacrines in the INL (Fig. 5A-H). However, blockade of GJs
with MFA prevented the loss of CR-immunolabeled (n = 10/n =
3) or CB-immunolabeled (n = 6/n = 3) amacrine cells (p <
0.01), preserving levels seen in control retinas (Fig. 5C,D, G,H).
In contrast, neither NMDA-induced excitoxicity (n = 20/n = 4;
p > 0.1) nor GJ blockade with MFA (n = 17/n = 4; p > 0.1)
produced a significant reduction in the number of ChAT-
positive cells, consistent with a lack of significant coupling to
RGCs (Fig. 5L).

Amacrine cell death after transient ischemia paralleled the
results seen after excitotoxic insult. Ischemia produced a signifi-
cant loss of CR-immunoreactive (n = 48/n = 5; p < 0.001) and
CB-immunoreactive (n = 17/n = 3; p < 0.001) subpopulations
of amacrine cells in the INL and a disorganization of the dendritic
bands in the IPL (Fig. 6A—H ). Application of MFA prevented the
loss of both the CR-immunoreactive (n = 26/n = 5; p < 0.001)
and CB-immunoreactive (n = 21/n = 3; p < 0.001) amacrine
cells, maintaining levels similar to those seen in control retinas
(Fig. 6C,D, G,H). In contrast, induction of ischemia had no sta-
tistically significant impact on the number of ChAT-
immunopositive amacrine cells in the INL (n = 25/n = 4; p >
0.1) (Fig. 6L). As expected, treatment of ischemic retinas with
MFA had no effect on the number of ChAT-positive amacrine
cells in the INL (n = 23/n = 4; p > 0.1) (Fig. 6K,L).

GJs mediate secondary cell death in a connexin-
specific manner
The IPL of the retina contains an assortment of GJs formed be-
tween RGCs, amacrine cells, and bipolar cell axon terminals that
express at least three different connexin subunits (Bloomfield
and Volgyi, 2009). This diversity raises the notion that different
cohorts of GJs, possibly based on their connexin profiles, may be
responsible for secondary cell death in the inner retina arising
from different primary insults. Our results using the nonspecific
GJ blockers MFA and 183-GA did not address this issue. To test
this idea, we therefore examined the extent of excitotoxic and
ischemic cell death in mice in which Cx36 and/or Cx45, the two
most highly expressed subtypes in the IPL (Li et al., 2008; Bloom-
field and Volgyi, 2009; Pan et al., 2010), were genetically deleted.
We induced excitotoxic cell death as described above by ap-
plication of NMDA to retinas of Cx36 /T, Cx457' ;and Cx36 77/
457"~ dKO mouse retinas and their heterozygous littermates.
Detection of dead cells in the GCL showed that NMDA-induced
excitotoxic cell death was markedly reduced in Cx36 '~ mouse
retinas (n = 35/n = 3) compared with levels found in Het litter-
mates (n = 35/n = 3) or WT mice (n = 14/n = 3; p < 0.001 for
both) (Fig. 7A,B,E). In contrast, the extent of cell death in the
GCL of Cx45 ~/~ mouse retinas after exposure to NMDA was not
statistically different from control levels in Het or WT mice (n =
17/n=3;p>0.1) (Fig. 7A, C,E). We next induced excitotoxic cell
death in Cx36 ~/~/45 '~ dKO mouse retinas (n = 13/n = 3) and
found that the level of cell death in the GCL was indistinguishable
from those found in NMDA-treated retinas of Cx36 '/~ mice
(p > 0.1) (Fig. 7B,D,E). Thus, the degree of cell death was not
additive when both Cx36- and Cx45-expressing GJs were deleted.
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Figure 7.  GJs formed by (x36-mediated bystander cell death under excitotoxic conditions.
A-D,Neuronal death was measured by EthD staining in whole-mount retinas of Het, (x36 -,
(x36 '~ /45~ dKO,and Cx45 ~~ mice. E, Histogram quantifying excitotoxic cell death in
the GCL of retinas from Het and connexin KO mice. Compared with Hets (n = 35/n = 3), the
reduction in NMDA-induced cell death was statistically significant in retinas of (x36 '~ (n =
35/n = 3),and (36 '~ /Ce45 '~ dKO (n = 13/n = 3) mice, but notin Cx45 '~ (n =
17/n = 3;p > 0.1). **p < 0.001 versus Het. Scale bar, 50 pm.

Overall, these results indicated that, whereas GJs expressing
Cx36 played a role in secondary cell death associated with
excitotoxicity, those expressing Cx45 made no significant
contribution.

In the next phase of experiments, we induced transient retinal
ischemia in vivo in Cx36 '~ and Cx45 '~ mice and their Het
littermates. After 7 d of survival, evaluation of retrograde labeling
of GCs with LY in whole-mount retinas revealed a significant loss
of axonal processes in Cx36 '~ and Het mouse retinas compared
with control levels (Fig. 8A—C). In contrast, ischemic retinas from
Cx45 '~ mice showed axonal labeling that was comparable with
that seen in control retinas (Fig. 8 A,D). Consistent with these
findings, ischemia resulted in a marked reduction of cells in the
GCL of Cx36 '~ (n = 24/n = 4) and Het littermate mouse reti-
nas (n = 28/n = 3; p < 0.001 for both) but no significant loss in
the GCL of Cx45 /™ mice (n = 74/n=15), compared with control
levels (n = 54/n = 5; p > 0.1) (Fig. 8I). The GFAP immunoreac-
tivity was also markedly increased in Miiller cell processes following
ischemic insult of Cx36 '~ (n = 24/n = 4) and Het (n = 24/n = 4)
mouse retinas (p < 0.001) but showed levels in Cx45 /'~ mouse
retinas (n = 22/n = 4) that were indistinguishable from that mea-
sured in control retinas (p > 0.1) (Fig. 8E-H,J ).

A differential contribution of Cx36- and Cx45-expressing GJs
to secondary neuronal death was also observed under condition
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of OGD, an in vitro model of ischemia.
Exposure to OGD conditions produced a
significant loss of neurons in the GCL of
Cx36 '~ (n = 12/n = 3) and Het mouse
retinas (n = 12/n = 3; p < 0.001) but
produced no significant loss of cells in the
GCL of Cx45 '~ mouse retinas (n = 10/
n=3;p>0.1).

In the final phase of experiments, we
investigated any changes in the distribu-
tion of Cx36- and Cx45-expressing GJs
under excitotoxic and ischemic insult that
could instruct their differential roles in
secondary cell death (Fig. 9E,F,K,L). In-
duction of ischemia produced a dramatic
reduction in the expression of Cx36
puncta in the IPL (n = 7/n = 3), com-
pared with that in control retinas (n =
21/n = 3;p <0.001) (Fig. 9A, B). Instead,
we found intense Cx36 immunolabeling
in RGC somata indicating an accumula-

Control

< Ischemia
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\/

tion of the protein in the cytoplasm (Fig.
9B, inset). The expression of Cx45 puncta
in the IPL was unaffected by ischemic in-
sult (n =26/n=4;p>0.1) (Fig.9G,H,]).
However, exposure of retinas to NMDA
to induce excitotoxicity had no effect on
the expression of Cx36 puncta in the IPL
(n = 8/n = 3; p > 0.1) but dramatically
reduced the expression of Cx45 (n =
8/n = 4), compared with control levels
(n = 28/n = 4; p < 0.001) (Fig. 9L]).
Thus, ischemic and excitotoxic insult had
opposite effects on the expression of
Cx36- and Cx45-expressing GJs in the inner retina, consistent
with their differential roles in mediating secondary cell death
under these two pathological conditions (Fig. 9E,F,K,L).

Figure 8.

Discussion

Together, our results provide clear evidence that GJ-mediated
secondary cell death plays a significant role in the propagation of
cell loss in the adult retina seen under a number of different
primary insult conditions. First, we observed that injection of the
apoptotic agent CytC into individual RGCs and glia led to the
exclusive loss of neighboring neurons to which they were coupled
via GJs. Second, pharmacological blockade of GJs under excito-
toxic and ischemic insult increased the survival of RGCs by
~70%, indicating that GJ-mediated secondary cell death plays a
major role in cell loss. Further, under these same insult condi-
tions, blockade of GJs prevented nearly all amacrine cell death
presumably by eliminating the propagation of toxic signals from
RGCs to which they were coupled. Finally, selective genetic abla-
tion of the GJ subunits Cx36 or Cx45 found in the inner retina
resulted in a significant reduction in the loss of RGCs normally
seen after excitotoxic or ischemic insult. Our results thus support
the growing evidence that damage in the CNS leads to primary
cell death of the most vulnerable cells, induced by the initial insult,
followed by a propagating secondary death of neighbors. In this
scheme, GJs act as portals for the passage of apoptotic signals from
injured cells to those to which they are coupled, which can ultimately
be the cause of most cell loss (Kermer et al., 1999; Frantseva et al.,
2002; Perez Velazquez et al., 2003; Decrock et al., 2009; Belousov and
Fontes, 2013).
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GJs formed by (x45 mediate bystander cell death under ischemic conditions. 4, LY retrogradely labeled RGC somas
and their axons in control retina of Het mouse, ischemic Het retina (B), Cx36 /™ retina (€), and (x45 '~ retina (D). E, Immu-
noreactivity of GFAP in vertical sections of control retina and ischemic retinas of Het (F), (x36 ~'~ (6), and Cx45 '~ (H) mice.
After ischemia-reperfusion, the GFAP immunoreactivity was upregulated throughout the retinal layers of Het and Cx36 ', but
not (x45 ~/~ mice. I, Histogram represents the nuclear cell count (per 500 rm length of vertical sections) in the GCL of control
(n = 54/n = 5), and ischemic retinas of Het (n = 28/n = 3), (36 '~ (n = 24/n = 4),and (45 '~ (n = 74/n = 5) mice.J,
Quantification of GFAP immunofluorescence intensity in the ischemic retinas of Het (n = 24/n = 4), (x36 T (n=24/n=4),
and Ce45 ' (n = 22/n = 4, p > 0.1) mice. **p < 0.001 versus control. Scale bars: A~D, 100 wm; E=H, 50 um.

Our findings are consistent with evidence that GJs are in-
volved in various neurodegenerative ocular disorders, including
ischemic retinopathy, and glaucoma (Krysko et al., 2005; Malone
et al., 2007; Das et al., 2008; Lei et al., 2009; Kerr et al., 2011;
Danesh-Meyer et al., 2012). The topography of neuronal loss in
the inner retina seen with these pathologies often includes both a
diffuse, but clustered pattern, suggesting that dying RGCs influ-
ence neighboring cells resulting in secondary neuronal degener-
ation (Levkovitch-Verbin, 2001; Lei et al., 2009; Vander and
Levkovitch-Verbin, 2012). The GJ-mediated bystander effect has
also been implicated in the programmed cell death in the devel-
oping retina. As in the adult, dying cells in developing retina are
spatially clustered into distinct networks (Cusato et al., 2003; de
Rivero Vaccari et al., 2007). Dopamine, which is a modulator of
GJ communication, as well as the GJ blockers octanol and car-
benoxolone significantly reduce the rate of programmed and in-
duced cell death in young retinas and the clustering of the
remaining dying cells (Varella et al., 1999; Cusato et al., 2003).

Studies of glaucomatous human retinas have reported an ap-
parent delayed or secondary degeneration of amacrine cells sub-
sequent to RGC loss (Schwartz, 2003; Kielczewski et al., 2005;
Moon et al., 2005). Consistent with this scenario is our present
finding that CR- and CB-immunopositive amacrine cell loss re-
sulting from excitoxicity or ischemia could be largely blocked by
G]J blockade. These data suggest that, whereas RGCs were most
vulnerable under our experimental insult conditions, the loss of
amacrine cells was consequent to GJ-mediated bystander cell
death. This hypothesis is supported by our finding that ChAT-
immunopositive amacrine cells, which showed only minimal
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Figure9. Changes in theimmunolabeling of (x36 and (x45 in the IPL of retinas subjected to excitotoxic or ischemicinsults. 4,

In control retina, (x36 immunoreactivity appeared as punctate labeling predominantly in the inner half of the IPL. B, In ischemic
retinas, the punctuate pattern of (x36 labeling appeared as large clusters surrounding the cell nucleus. ¢, NMDA-induced excito-
toxicity had little effect on the pattern of (x36 immunolabeling. D, Histogram represents significant reduction in the intensity of
punctate (x36 immunoreactivity in the IPL of ischemic retinas (n = 7/n = 3) compared with that in controls (1 = 21/n = 3).No
detectable change in the (x36 immunolabeling was observed under excitotoxic conditions (n = 8/n = 3). E, There was no
significant difference in NMDA-induced cell deathin the Hetand Cx36 ~/ retinas (n = 21/n = 3;p >0.1). F, NMDA-induced cell
death was significantly lessin (x36 ~/~ (n = 35/n = 3) compared with Hetretina (n = 14/n = 3). G, Punctateimmunolabeling
for (x45 was observed throughout the IPL of control retina. H, The punctuate pattern and the intensity (x45 labeling were not
altered by ischemia-reperfusion. /, NMDA markedly reduced Cx45 immunolabeling. Inset panels show high magnification details
of IPL and GCL. J, Histogram quantifies (x45 immunoreactivity in the IPL of retinas exposed to NMDA (n = 8/n = 4), compared
with those in control (n = 28/n = 4), and ischemic retinas (n = 26/n = 4). K, Cell death was significantly less in ischemic retinas
of (45 =/~ mice (n = 24/n = 5) compared with that in Het mice (n = 30/n = 5). L, There was no statistically significant
difference in NMDA-induced cell death between Het and (x45 /™ retinas (n = 18/n = 3,p > 0.1). **p < 0.001. *p < 0.01.
Scale bars, 20 um.
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In contrast to a role in secondary cell
death, GJs have been reported to some-
times play a neuroprotective role
(Andrade-Rozental et al., 2000; Decrock et
al., 2009). Blockade of GJs or genetic abla-
tion of certain connexins reduces neuronal
loss in a rat model of brain trauma
(Frantseva et al.,, 2002). Likewise, in-
creased expression of Cx32 and Cx36 in
the hippocampus after global brain isch-
emia has been suggested as an adapting
mechanism to increase cell survivability
(Oguro etal., 2001). In retina, focal lesions
induced by laser coagulation produced a
significantly higher loss of neurons in
wild-type mice than in Cx36 '~ mouse
retinas (Striedinger et al., 2005). Although
the results of this study are inconsistent
with our present findings, it must be em-
phasized that the different insult condi-
tions (trauma vs excitotoxicity and
ischemia) were used. This raises the possi-
bility that the role played by GJs in sub-
serving cell death or neuroprotection may
depend on the nature of the primary
insult.

Our results revealed another important
difference between GJs in terms of their
role in secondary cell death promoted un-
der different insult conditions. We found
that, whereas genetic ablation of Cx36, but
not Cx45, could significantly reduce cell
loss under excitotoxic insult, ablation of
Cx45, but not Cx36, protected cells from
ischemic injury. These data indicate that
different cohorts of GJs, dependent on
their connexin makeup, subserve the by-
stander effect under different pathological
conditions. Consistent with these findings,
changes in the expression and function of
certain connexin subtypes in CNS have
been reported under a variety of patholog-
ical conditions (Rouach et al., 2002;
Petrasch-Parwez et al., 2004; Eugenin et
al., 2012; Kerr et al., 2012). However, to
our knowledge, our results are the first to
show that different cohorts of GJs, based
on the connexin they express, subserve
secondary cell death under different pri-
mary insult conditions. Our immunola-
beling data suggest that this differential

coupling to RGCs, were not significantly affected by excitotoxic
or ischemic insult or by disruption of GJs. A downregulation of
CR, CB, and ChAT has been reported in ischemic retinas (Dijk et
al., 2004; Bernstein and Guo, 2011; Lee et al., 2011), suggesting
that the loss of the amacrine cell immunoreactivity may be the
result of reduced protein detection rather than cell death. How-
ever, we found that ChAT-immunoreactive cells were unaffected
under our ischemic conditions and that MFA could maintain cell
counts at control levels. These findings argue that the loss of CR
and CB immunolabeling in ischemic retinas more likely reflected
cellloss associated with GJ-mediated bystander cell death and not
a downregulation of the protein markers.

contribution of GJs under excitotoxic and ischemic conditions
reflects changes in connexin protein expression and manifesta-
tion. Under ischemic insult, we found that Cx36 protein was
accumulated mainly in a perinuclear region of RGCs, but the
normal punctate immunolabeling in the IPL indicative of den-
dritic GJs was absent. A similar cytoplasmic internalization has
been reported for Cx43 in ischemic cardiac tissue, resulting from
a dysfunction in Cx43 trafficking linked to altered serine phos-
phorylation (Cone et al., 2014; Smyth et al., 2014). Thus, in our
experiments, although Cx36 protein was still manufactured un-
der ischemic conditions, it appears to have not been inserted in
the membrane as functional GJs. In contrast, Cx45 punctate la-
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beling in the IPL appeared normal. These findings can explain
why ischemic cell loss was reduced in the Cx45 '~ mouse retina,
but not by ablation of Cx36, namely, that Cx36-expressing GJs
were already disrupted by the insult. Oppositely, we found that
Cx45 immunolabeling under excitotoxic insult was abnormal,
with punctate labeling absent from the IPL, whereas Cx36 expres-
sion appeared normal. These data suggest a downregulation of
Cx45 under excitotoxicity and a lack of functional GJs they con-
stitute, which can explain why ablating Cx45 did not reduce cell
loss after NMDA-induced excitotoxicity.

The finding that bystander cell death in retina is ultimately
responsible for the loss of most retinal neurons suggests that GJs
form a novel, important target for neuroprotection. GJs as a ther-
apeutic target is lent support by our ability to significantly limit
neuronal cell loss by blocking GJs with MFA administered after
ischemic insult. Moreover, the finding that limited cohorts of GJs
are responsible for bystander death is propitious, as it indicates
that targeting of GJs can be selective and limited. Although avail-
able pharmacological blockers of GJs are largely nonspecific, the
finding of blockers with greater connexin specificity (Srinivas et
al., 2001; Cruikshank et al., 2004) holds promise for the creation
of highly specific G] blockers (Spray et al., 2002). Clearly, future
work is called for to determine whether limited cohorts of GJs
underlie secondary cell death associated with classic retinopa-
thies, such as glaucoma, as well as similar degenerative disorders
of the CNS.
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