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Pannexin 1 sustains the
electrophysiological responsiveness
of retinal ganglion cells
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Pannexin 1 (Panx1) forms ATP-permeable membrane channels that play a key role in purinergic
signaling in the nervous system in both normal and pathological conditions. In the retina, particularly
high levels of Panx1 are found in retinal ganglion cells (RGCs), but the normal physiological function
in these cells remains unclear. In this study, we used patch clamp recordings in the intact inner retina
to show that evoked currents characteristic of Panx1 channel activity were detected only in RGCs,
particularly in the OFF-type cells. The analysis of pattern electroretinogram (PERG) recordings indicated
that Panx1 contributes to the electrical output of the retina. Consistently, PERG amplitudes were
significantly impaired in the eyes with targeted ablation of the Panx1 gene in RGCs. Under ocular
hypertension and ischemic conditions, however, high Panx1 activity permeated cell membranes and
facilitated the selective loss of RGCs or stably transfected Neuro2A cells. Our results show that high
expression of the Panx1 channel in RGCs is essential for visual function in the inner retina but makes
these cells highly sensitive to mechanical and ischemic stresses. These findings are relevant to the
pathophysiology of retinal disorders induced by increased intraocular pressure, such as glaucoma.

Pannexin 1 (Panx1) is a high-conductance voltage-gated channel that connects the intracellular and extracellular
spaces in vertebrate tissues. Panx1 allows the passage of molecules up to 1 kDa between these compartments,
including ions, amino acids, nucleotides and other metabolites'. Panx1 channels serve as one of the major con-
duits for ATP release? and contribute to purinergic and adenosine signaling>*. Extensive evidence has accumu-
lated for the role of Panx1 in neuronal pathologies, such as epilepsy and autism™>®, ischemic and traumatic brain
injuries”®, post-ischemic glutamate toxicity’, pain'® and inflammatory diseases''2. However, the understanding
of the normal physiological function of Panx1 in the central nervous system (CNS) is uncertain.

Panx1 is widely expressed in the CNS, and its expression levels vary dramatically between distinct cell
types'®!*. In the developing and adult retina, the expression of Panx1 is high in horizontal cells and inner retinal
neurons, particularly in retinal ganglion cells (RGCs)*, the output neurons of the retina that send visual infor-
mation to the brain visual centers. Currently, there is a gap in our knowledge of the physiological role of Panx1
in RGCs. Physiological experiments using in vivo and in vitro microchip-mediated electroretinogram (ERG)
recordings from the inner retina have shown reduced amplitudes of a- and b-waves under scotopic conditions
in Panx1-null retinas®. These results suggested that Panx1 function in the retina may involve photoreceptor,
bipolar cell, or RGC function; however, the data generated by this technique cannot be directly attributed to RGC
function.

The activity of RGCs is assessed electrophysiologically by pattern electroretinograms (PERGs). This tech-
nique, first described by Riggs et al.!® and applied to RGCs by Maffei and Fiorentini'’, has become an integral
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clinical diagnostic tool for glaucoma. The amplitude of PERG responses directly correlates with the functional
status of RGCs in rodents and humans'® and is highly sensitive to injuries induced in these neurons, including
elevated IOP-induced injury. Reduced responses reflect the dysfunction and eventual loss of RGCs, which is
the cause of blindness in glaucoma!®?. A pathological decrease in the amplitude of PERG responses is typically
observed in glaucomatous and ischemic optic neuropathies!*-?! and correlates with the loss or dysfunction of
RGCs. Voltage-gated Na™ channels that produce action potentials serve as generators of the PERG signal in
the retina??>. However, whether other voltage-gated channels, particularly Panx1, also contribute to the PERG
responses remains unknown.

Panx1 activation can be regulated by extracellular ATP (eATP) either directly*>** or via purinergic P2 recep-
tors®. In pathological settings, the release of eATP into the extracellular space from injured or dying cells repre-
sents a “danger signal’, typically observed in traumatic, ischemic, and inflammatory CNS disorders®*%, including
ischemic stroke and intraocular pressure (IOP)-induced glaucoma?”-?. Therefore, dysregulated Panx1 activity can
be linked to reduced RGC survival.

In this study, we analyzed the pattern of Panx1 expression and activity in the adult mouse retina and explored
the intriguing possibility that the Panx1 channel, which is abundant in RGCs, contributes to PERG responses.
We also compared the channel activity among functionally distinct RGCs and obtained additional evidence
that RGCs with high Panx1 expression and activity are prone to selective loss in ischemic and glaucomatous
pathologies.

23,24

Results

RGCs have the highest level of Panx1 expression in the inner retina.  The ganglion cell layer (GCL)
contains a mixed population of RGCs, amacrine cells (ACs), and glial cells, all of which express different levels
of Panx1!*%. Previous reports have localized Panx1 to the ganglion cells, bipolar cells'®, dendrites and axonal
processes of horizontal cells in the fish* and mouse'? retina. To analyze cellular expression of Panx1 in the inner
retina, we first examined gene expression in pan-purified retinal cells by quantitative RT-PCR. Our results indi-
cate that the relative abundance of the Panx1 transcript in RGCs was approximately 6-fold higher than in the
whole retina and 3-fold higher than in Muller glia (Fig. 1A). Consistently, quantitative in situ RNA hybridization
using the RNAscope technique showed dramatic enrichment of Panx1 transcript labeling in the GCL (Fig. 1B).
Next, to validate these data at the protein level, we performed immunostaining in retinal whole mounts and
cross-sectional slices. Consistent with the gene expression data, the most intense Panx1-specific labeling was also
observed in the GCL (Fig. 1C,D). A more detailed examination of retinal slices and whole mounts showed that
Panx1 co-localized with tubulin 3III or Brn3a-positive cells (i.e., RGCs). This analysis also revealed striking het-
erogeneity in the intensity of individual cell labeling. In general, less than half of Brn3a- or tubulin BIII-positive
cells showed high levels of Panx1 immunoreactivity (marked with asterisks, Fig. 1C,D), whereas the majority of
RGCs showed significantly lower levels of labeling.

Robust Panx1-mediated currents are detected only in RGCs.  We used the whole-cell patch clamp
technique to investigate whether high heterogeneity in the levels of Panx1 expression was reflected by a differen-
tial channel activity among neurons. We patched and characterized neurons in the GCL using a precondition-
ing voltage ramp paradigm?. Morphometric analysis using 3D confocal microscopy performed after each patch
clamp recording allowed us to distinguish RGCs from non-projecting GCL neurons lacking an axon, most likely
the displaced ACs (Fig. 2A), and group them for the type-specific analysis of responses. To detect the effects of
known post-ischemic danger factors on Panx1 activity in primary RGCs, we perfused retinas with the “Panx1
agonist mix” (3mM ATP, 20mM K™, 0.5mM Ca?*). Since the contribution of other channels can be considerable,
we used experimental conditions to minimize it, such as a pipette solution containing Cs and TEA to block potas-
sium currents, Q314 to block sodium currents and gluconate to eliminate some of the chloride current. In these
conditions, the main sources of chloride currents are GABAergic and Glycinergic receptors, but Panx1 currents
become detectable as well*!. The analysis of GCL neurons in the WT retinas showed that the outward-rectifying
currents were 1.08 = 0.083nA (n=11) and were sensitive to probenecid, which is characteristic for Panx1 chan-
nels. These currents were only detected in the RGCs but not in the ACs (n=7) (Fig. 2B,C). Among RGCs, we
detected high heterogeneity in the levels of Panx1 activity, where cells showed either robust (n=11) or muted
(n =6, data not shown) responses or a total lack of a response (n=3) to the Panx1-specific activation paradigm
(Fig. 2B-D, red traces). As expected, no response was detected in Panxl~/~ RGCs (n=11, Fig. 2, lower panels)
or Panx1~/~ ACs (n =9, data not shown). On average, the agonist mix increased the outward currents by 25% (to
1.36£0.119nA) in all robustly responding RGCs, but the effect was not statistically significant in unresponsive
cells. Application of the Panx1 channel blocker, probenecid (300 uM), significantly reduced the amplitude of the
outward currents from 1.08 +0.083 nA to 0.773 £ 0.139 nA (Fig. 2B,C, green traces), contributing to approxi-
mately 30% of total current in the responsive cells. To further confirm the involvement of the Panx1 channel, we
also applied other Panx1-selective blockers, including mefloquine (MFQ, 50 nM), carbenoxolone (CBX, 25 uM),
and '%panx peptide (100 uM), which had similar suppressive effects on responsive cells (data not shown), indicat-
ing that these currents were, indeed, mediated by Panx1.

To test whether such heterogeneity correlated with the major functional subtypes of RGCs, we performed
additional patch clamp experiments where we specifically targeted RGCs. All recorded RGCs were divided into
three subtypes, OFF-, ON- and ON/OFF-type RGCs, according to their light responses and dendritic tree pro-
jection into the inner plexiform layer (IPL) sublaminae (Fig. 3). All RGC types showed a statistically signif-
icant induction of the transmembrane current by the agonists, suggesting that the bulk of this response was
Panx1-specific (Fig. 3E). However, only OFF-type RGCs showed significant inhibition of this current by probene-
cid, suggesting that the OFF-type subpopulation included the RGCs with the highest Panx1 channel activity in
the inner retina.
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Figure 1. RGCs have the highest levels of Panx1 expression in the retina. (A) Real -time PCR in purified
primary cells shows significant enrichment of Panx1 in RGC (red bar) vs. whole retina (green bar) and Muller
glia (Muller GL, blue bar), *P <0.05: n =5, Student’s t-test; (B) Representative micrographs of in situ RNA
hybridization of Panx1 transcripts (red puncta indicated by arrows on the insert) using RNAscope technique.
Insert (zoom, right panel) shows Panx1 transcripts in magnified ganglion cell layer (GCL) region, where RGCs
are located; nuclei labeling: DAPI (blue); Scale bar, 25 um. (C) Representative micrographs of immunostaining
in retina sections: the highest level of Panx1 labeling (red) in the GCL co-localized with Brn3a-positive RGCs
(green), as indicated by asterisks. The lower panel shows control staining in Panx1 knockout tissue. Scale

bar, 25 um. (D) Representative retinal flat-mounts co-immunostained for Panx1, and RGCs markers TUJ1
(magenta), and Brn3A (green). The level of Panx1 labeling (red) varied significantly among RGCs with higher
than average levels detected in about one-third of all Brn3A-positive neurons (asterisks). The remaining RGCs
(Brn3a-positive, no asterisks) showed significantly lower levels of the Panx1 protein. Scale bar, 25 um.

Consistent with the immunohistochemistry results, the patch clamp experiments demonstrated heterogeneity
in the levels of Panx1 expression and corresponding channel activity within the RGC population. To investigate
the physiological relevance of such heterogeneity, we performed a series of behavioral and physiological experi-
ments and cell survival tests.

Panx1 contributes to the PERG response. To examine whether Panxl1 is essential for normal retina
function, we first assessed visual acuity using the visually guided behavioral head-turning test. The optokinetic
response measurements performed at standard lane contrast settings revealed no significant differences between
WT and Panx1~/~ mice (Fig. S1). Next, we examined the potential involvement of Panx1 in the function of
the outer vs. inner retina circuits. The outer retina function in these mice was assessed with flash ERG (FERG)
recordings and did not reveal any differences between WT and Panx1~/~ eyes (data not shown).

Inner retina function was examined by recording the PERG, which allowed for the assessment of RGC func-
tion®2. In contrast to the FERG results, PERG recordings have revealed significant differences between Panx1~/~
and WT mice. The PERG amplitude was 43.1 4 6.9% lower in the Panx1~/~ retinas, while the latency of the PERG
response was 20.2 & 2.7% longer than that in the WT retinas (Fig. 4A, red waveform in C). The phenotype in the
germline Panx1 knockout may be influenced by compensatory gene activation. To avoid this and test whether
Panx1 channels endogenous to RGCs contribute to the PERG response, we analyzed the PERG in mice where
the Panx1 gene was selectively inactivated in RGCs. This conditional gene ablation was induced in adult animals
by an intravitreal AAV2-Cre injection, an approach that was previously demonstrated to consistently generate
targeted RGC-specific gene deletions®. We unilaterally injected Panx1"! mice with the AAV2-Cre-EGFP virus;
contralateral control eyes received the control AAV2-EGFP construct. The control and experimental groups
showed an average infection rate of 97.1 £ 5.6% for the AAV2-Cre-EGFP construct and 91.3 £4.5% for the
control AAV2-EGEFP construct. Sequential recordings, performed at 4, 6, and 8 weeks post-injection, showed a
gradual decrease in the PERG amplitude in AAV2-Cre-EGFP -infected eyes. The reduction became statistically
significant at 8 weeks when the mean amplitude dropped by 45.6 &= 15.5% relative to that in control eyes (Fig. 4B
and blue waveform in C). An increase in the PERG latency was also observed at 6 weeks after injection with the
AAV2-Cre virus but it only became statistically significant at 8 weeks (Fig. 4B). The dynamics of these parameters
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Figure 2. Voltage patch clamp recordings of Panx1 currents from inner retinal neurons. Activation of Panx1
currents in individually patched neurons in the GCL was triggered by applying depolarizing voltage steps
(depicted in detail in Fig. 6C). (A) Representative micrographs of morphometric cell type identification,
reconstructed from confocal z-stack datasets of Alexa-568 labeled RGCs. Neuron phenotyping was performed
by the presence of an axon (arrows, left panels). Scale bar, 25 um. (B) Representative current responses to the
applied pulse protocol. Cells were treated with a Panx1 agonist cocktail (Agnst, 3 mM ATP, 20 mM KCl) or
antagonist (Pbcd, 300 uM probenecid. (C) Representative traces of current-voltage relationship in single cell
recordings. Experimental data points were obtained by plotting the current amplitude elicited by a given voltage
step under the control condition, after application of the agonist or antagonist. (D) Quantitation graphs showing
maximum currents (nA) evoked by a +80 mV voltage step in control and experimental conditions for each of
the two RGC and one AC subpopulations with statistical analysis. Data are presented as means + SE;

Nyesponsive WT RGCs = 113 Dt acs = 75 Npanyt ko Ras = 6. *¥P < 0.01; *P < 0.05; significance: Kruskal-Wallis test and
Dunn’s Multiple Comparison test. Color coding: control bath solution, black; agonists, red; antagonist, green.
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showed that the PERG amplitude consistently decreased, whereas the PERG latency increased relative to that in
the control eye only between 4 and 8 weeks following AAV2-Cre-EGFP injection.

Neurons are more resistant to IOP-induced injury in retinas with Panx1 inactivation. To test
whether the resistance of RGCs in Panx1~/~ mice to hypertension-induced ischemia is linked to Panx1 channel
activity, we compared RGC loss in zygotic knockouts, conditional neuronal knockouts and in WT retinas treated
with 2.0 mM probenecid. We challenged the retina with transient ischemia-reperfusion (IR) injury induced
by a 45-minute-long IOP elevation. The analysis of the NeuN-positive cell density in the GCL at seven days
post-injury showed that the mean cell loss was reduced 5.9-fold and 7.8-fold in germline Panx1~/~ mice and
conditional neuron-specific Thy1-Cre/Panx1™" mice (to 4.5+ 5.1% and 3.4 & 3.4%, respectively), compared to
the mean loss of 26.4 & 4.9%, observed in WT C57BL/6 retinas (Fig. 5). The density of NeuN-positive cells in the
probenecid-treated WT mice at seven days post-injury was not significantly different from either knockout strain
(4.4416%). These results indicate that the channel activity is pivotal for Panx1 neurotoxicity.

Next, we determined whether the recently discovered “passenger” Casp11¢¢ (Casp 4 in humans) mutation
that inactivates the caspase 11 protease in our Panx1~/~ strain® affects neuronal survival in IR injury. We chal-
lenged the retinas with IR and compared the RGC-loss rates in the animals with the germline Casp11 knockout
(Casp117/7) and those in a different Panx1 knockout (Panx1~/~/Casp11*/*) strain lacking the Casp11%! passen-
ger mutation, developed by Dixit*. In these experiments, we applied isoflurane gas instead of ketamine/xylazine
anesthesia to take advantage of a resulting increased (from 26% to approximately 65%) post-IR injury RGC loss
rate, which would allow us to detect even minor differences in protection. Casp11~/~ mice showed a 72.7 +2.9%
loss of NeuN-positive cells that was not significantly different from the loss observed in the WT (64.7 & 5.2%)
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Figure 3. Panx1 channel activity in three functional subtypes of RGCs. (A) RGCs morphological types
identification, performed by 3D confocal reconstruction of cells labeled with Alexa-568 dye; RGC types were
defined by stratification of their dendritic tree in ON and/or OFF sublamina of the inner plexiform layer. Scale
bar, 25 um. (B) Functional typing of RGCs by spiking activity in response to the light stimulus. (C) Pannexinl
channel-activated currents in whole-cell mode in response to the depolarizing voltage steps from —80 to 60 mV
with holding potential of —60 mV in control solution (black), with Panx1 agonist cocktail (Agnst, 20 mM
K*0.1 mM ATP, red) or Pbcd (300 1M, green) conditions. (D) Representative I/V relationship for ON (n=20),
OFF (n=20) and ON/OFF (n=11) RGCs. (E) Mean values for the Panx1 channel currents; significance:
Kruskal-Wallis test and Dunn’s Multiple Comparison test *P < 0.05, ns, non-significant color coding: control
bath solution, black; agonists, red; antagonist, green.

retina (Supplement Fig. S2). In contrast, Panx1~/~/Casp11*/* mice showed 41.1 4 8.9% loss, which was a 31.7%
reduction relative to the loss in WT control mice. Combined, these data demonstrate that inactivation of Casp11
does not contribute to RGC protection.
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Figure 4. Panxl deficiency results in changes in RGC function. PERG responses were compared between
C57Bl/6 wild-type (WT) and Panx1~/~ mice as described in Materials and Methods. (A) Box graphs of PERG
responses in germline Panx1~/~ (Px1 KO). Left panel: PERG amplitude; right panel: PERG latency. nyr=12;
nyo = 12. (B) PERG response in RGCs with conditional Panx1 gene ablation. The recordings were performed 8
weeks after infection of the AAV2-GFP-Cre construct via intravitreal injection; n=5. (C) Averaged waveforms
of responses recorded from WT (white boxes), germline Panx1~/~ (Px1 KO, red), AAV2-EGFP-injected
Panx1"! controls (AAV2-GFP, light blue) and conditional AAV2-Cre-EGFP -induced Panx18°¢~/~ (AAV2-
Cre, dark blue) eyes. ***P < 0.001; **P < 0.01; significance: Mann Whitney test.

Modeling Panx1-mediated responses in stable Neuro2a (N2a) cell lines. To model responses
to ischemia and danger signals in retinal cells with significant differences in Panx1 expression, we gener-
ated stable N2a cell lines with high and low levels of Panx1 expression. We selected two N2a lines expressing
Panx1 (N2a-Panx1-C1 and N2a-Panx1-C3) and two control line expressing only EGFP (N2a-EGFP-B2 and
N2a-EGFP-B3). Similar to untransfected N2a cells, N2a-EGFP-B2/B3 lines expressed very low levels of endoge-
nous Panx1 gene, detectable only by RT-PCR (data not shown). The difference in Panx1 expression levels between
the N2a-Panx1-C1 and N2a-Panx1-C3 cell lines was confirmed by RNAscope in situ hybridization and quantita-
tive Western blot analyses, as shown in Fig. 6A,B. In contrast, Panx1 could not be detected by either technique in
the non-transfected (WT) N2a or N2a-EGFP-B2/B3 control cells lines. Overexpression of Panx1 or EGFP in these
lines did not affect cell morphology or viability under normoxic conditions. The plasma membrane integrity in
these cell lines was also unaffected and remained impermeable to both small molecules, like ethidium bromide
(EtBr, Fig. 7B) dye and large molecules, such as EGFP (Fig. 8A).

To confirm the functionality of the Panx1 channels in the N2a-Panx1-C1 line with the highest Panx1 expres-
sion level, we performed whole-cell voltage patch clamp recordings using the preconditioning depolarizing volt-
age ramp paradigm described earlier® (Fig. 6C). Large exponentially increasing outward rectifying currents were
detected in N2a-Panx1-C1 but not control N2a-EGFP-B2 cells. The residual currents in the control cells were
equivalent to the responses in the N2a-Panx1-Cl1 cells treated with 1.0 mM probenecid, which decreased the
evoked responses in these cells by 66.8% when held at a potential of +100mV (P < 0.01, Fig. 6D). The cur-
rent observed in the N2a-Panx1-C1 cells displayed the Panx1-characteristic I/V signature (Fig. 6E). The max-
imum current amplitudes at +100 mV were 740 & 102 nA for N2a-Panx1-Cl1 cells (n=7), 245+ 47nA (n=7)
for N2a-Panx1-Cl cells treated with probenecid, and 218 +20nA (n = 8) for N2a-EGFP-B2 cells. Application
of 500 uM ATP resulted in a 90.5% increase in the membrane current response from N2a-Panx1-C1 cells held
at +100mV (P < 0.05; n=7), which was suppressed by 66.9% (P < 0.01; n =4) with the probenecid treatment
(Fig. 6F). Because our results confirmed the expression of functional Panx1 in stably transfected N2a-Panx1-C1
cells, these cells were used in further experiments.

Panx1 agonists and ischemia induce plasma membrane permeability in N2a-Panx1-C cell
lines. To study the effects of the Panx1 expression level on plasma membrane permeability, we compared EtBr
dye uptake by N2a-Panx1-C1/C3 clones with the uptake by the control N2a-EGFP-B2/B3 clones. We found that
the basal dye uptake in control N2a-EGFP-B2/B3 clones was very low relative to that in Panx1-overexpressing
N2a-Panx1-ClI cells (Fig. 7A,B). The increase in EtBr uptake was proportional to the level of Panx1 expression, as
demonstrated by a 2-fold difference between the N2a-Panx1-C1 and N2a-Panx1-C3 clones (Fig. 7D).

Next, we investigated the effects of several compounds known to influence Panx1 activity. We found that
application of 1.5mM ATP, a known Panx1 activator, had no effect on the dynamics of the EtBr uptake in control
N2a-EGFP-B2 cells but induced a 2-fold increase in dye uptake by the N2a-Panx1-Cl1 clone after a 2-h incuba-
tion (Fig. 7C). An even higher degree of plasma membrane permeation was detected after application of IAA94,
a compound initially described as a chloride channel inhibitor®. IAA94 stimulated EtBr dye uptake without
affecting cell viability (Fig. 7A) and in a gene dose-dependent manner, i.e. directly proportional to the Panx1
expression level (Fig. 7D). This resulted in a maximal level of uptake after 2 h of treatment (Fig. 7E), which was
similar to the uptake caused by the membrane-permeating non-ionic detergent saponin (Fig. 8A). The effects of
both ATP and IAA94 were not observed in the N2a-EGFP-B2 control cells at any time and, thus, were specific to
Panx1 activity.

We then tested whether the difference in Panx1 levels could explain the differential resistance of neurons to
ischemia induced by oxygen-glucose deprivation (OGD). Relative to the basal uptake level, the permeability to
EtBr of both control N2a-EGFP-B2 and N2a-Panx1-Cl1 cells after OGD exposure was approximately 2.5-fold
higher (Fig. 8B). However, the N2a-Panx1-C1 cells demonstrated a 5- to 7-fold higher EtBr uptake relative to
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Figure 5. Panxl1 inactivation protects RGCs in ischemia-reperfusion. The rate of survival following ischemia-
reperfusion injury in the retinas with germline (Px1 KO, red, n=11) and neuron-specific (Px1-CKO, green,
n=>5) Panx1 ablation, WT C57Bl/6 control retinas (W'T, black, n =10) and wild type retinas from the
probenecid-treated mice (WT + Pbcd, blue, n =5). The data show percentage of NeuN-positive cells left

after treatment relative to control. Data show values determined for individual animals; the bars represent
means £ SD; **P < 0.01; *P < 0.05; significance: one-way ANOVA and Tukey test for multiple comparisons.

control at 1 and 2h post-OGD, respectively. At 2h after OGD exposure, the rate of dye uptake in Panx1-expressing
cells was over 90% of the maximal level compared to only 20% in similarly treated control cells (Fig. 8B).

High Panx1 expression sensitizes N2a cells to ischemicinjury. To monitor changes in plasma mem-
brane integrity, we performed time-lapse recordings of EGFP (a 27 kDa protein) released into the medium as a
marker of cell death and membrane rupture. In parallel, we analyzed the membrane permeability to small mole-
cules, detected as EtBr (a 400 Da dye) uptake. Time-lapse recordings indicated that under normoxic conditions,
all of the cells remained impermeable to EGFP, even after treatment with ATP or the IAA94 compound. The
application of IAA94 has increased membrane permeability to EtBr to 95% of maximal in a Panx1-dependent
manner (Fig. 8A).

However, exposure to OGD for 30-90 min resulted in a robust EGFP release from N2a-Panx1-C1 cells, indi-
cating plasma membrane breakdown and the loss of cell viability (Fig. 8B,C). Control N2a-EGFP-B2 cells showed
rather limited EGFP release that became detectable only after prolonged 90-180 min exposure to OGD. The
effects of Panx1 on cell permeability were significantly increased in the presence of eATP, which facilitated a
statistically significant 20-50% elevation in both EtBr uptake and GFP release in the N2a-Panx1-Cl1 cellsat 1-2h
of OGD treatment (Fig. 8A,D). At 2h after OGD treatment with eATP exposure, the cell death rate in control
cultures averaged 10%, as compared to 74% in Panx1-expressing cultures (Fig. 8C). Overall, throughout the dura-
tion of the experiments, eATP treatment increased EGFP release in N2a-Panx1-C1 cultures by 55-70% relative to
that in control cells (Fig. 8D), an indication of a more profound and/or accelerated membrane breakdown. This
increase was induced specifically by eATP, since treatment with the ATP-hydrolyzing enzyme apyrase completely
eliminated the effect (data not shown). Noteworthy, in cultures not treated with ATP, apyrase treatment had no
effect on the rate of OGD-induced EGFP release. Thus, eATP exacerbated the OGD injury in a Panx1-dependent
manner. Alternatively, cell survival using the annexin V/propidium iodide (PI) viability assay was used to further
validate the Panx1-mediated effects on susceptibility of N2a cell to OGD injury. Only N2a-Panx1-Cl1 cells showed
a significant 31.5+5.5% reduction in the proportion of viable cells, paralleled by an equivalent increase in cells
committed to death and positive for annexin V and/or PI labeling (Supplementary Fig. S3). In contrast to the
EGFP release assay, quantification of the annexin V/PI staining was complicated by a considerable detachment of
OGD-challenged N2a-Panx1-C1 cells, which were subsequently lost during the washing steps. Apparently, this
resulted in a gross underestimation of dead cells observed in OGD-challenged cultures.

Discussion
In this study, we investigated the function of the Panx1 channel in the normal and ischemic mouse retina and
characterized its expression in different cell types. Using a targeted gene knockout approach, we found a correla-
tion between high Panx1 expression, channel activity and an increased PERG amplitude in RGCs, which provided
evidence for the essential role of Panx1 in normal RGCs. Patch clamp recordings revealed that increased levels
of Panx1 activity were characteristic of distinct sub-populations of RGCs, particularly the OFF-type neurons.
High levels of Panx1 expression are essential for the normal activity of functionally specialized RGCs, as they
contribute to the electrical output needed to maintain PERG responsiveness. We also noticed the difference in
agonist response curves among OFF and ON-OFF cells (Fig. 3D), which can possibly be explained by difference
in the activity levels of Panx1 or its functional partners, NMDA receptors, which we demonstrated earlier in these
sub-types®”,

The PERG signal represents a light-adapted response of RGCs and is a sensitive index of overall RGC function.
PERG is the most specific, non-invasive technique used for assessments of RGC functionality'®. To the best of our
knowledge, this is the first study to use PERG responses to examine the functional significance of Panx1 channels.
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Figure 6. Panx1 forms functional channels in stably transfected N2a clones. (A) mRNA in situ hybridization
analysis in stable N2a cell lines with (Px1-C1) and without (GFP-B2) Panx1 expression. The cells were labeled
with the Panx1-specific fluorescent probe (red) to visualize transcripts and DAPI (blue) to visualize nuclei. Scale
bar, 25 um. (B) Western blot analysis of Panx1 protein expression levels in cellular extracts from three stable
N2a clones, expressing either EGFP alone (GFP-B2) or both Panx1 and EGFP (Px1-Cl1 and Px1-C3). Loading:

3 or 10 ug of total protein per lane, as indicated. Panx1 (Px1) isoforms formed characteristic multiple bands
43-47KkDa, as indicated by the arrows. (C) Preconditioning (depolarizing) voltage ramp protocol to stimulate
Panx1 channel activity, applied during electrophysiologial recordings. (D) I/V relation from N2a-Panx1-C1
(Px1-C1; n=7) with and without 1.0 mM probenecid (Pbcd; n =7) application; N2a-EGFP-B2 (GFP-B2; n=38)
expressing cells. (E) Data analyses and quantitation of evoked membrane currents response elicited at +100mV
from D. (F) Quantitation of evoked membrane currents response elicited at +-100 mV from N2a-Panx1-C1

cells (n=7) treated with 50 uM ATP (n=7) and 300 pM Pbcd (n=5); I/V relation graph is not shown. Data
were normalized to N2a-Panx1-C1 membrane currents responses at +100mV, set to 100%. Each bar represents
mean + SEM; **P < 0.01; *P < 0.05; significance: one-way ANOVA and Tukey test for multiple comparisons.

The decrease in the PERG amplitude in Panx1-deficient mice suggests that RGCs enriched in Panx1 contribute to
the response. More direct evidence of such involvement was obtained in AAV2-Cre-infected eyes of the Panx19/f
animals, where RGC-selective transduction®*° facilitated targeted Cre recombinase expression, resulting in a
conditional Panx1 gene deletion. In these eyes, progressive depletion of the remaining Panx1 channels in RGCs
resulted in a progressive decline in PERG amplitude. These data showed that the effect on the PERG response
is RGC-specific and can be directly attributed to the ablation of the endogenous Panx1 channels. The selective
effect of Panx1 deletion on the electrical excitability of RGCs is the first evidence that Panx1 channels are likely
employed to increase the electrical output of these neurons. This result is consistent with a relative enrichment of
this channel protein in RGCs, which was demonstrated using cell type-specific gene expression, mRNA and pro-
tein accumulation data (Fig. 1) and single-cell patch clamp recording (Figs 2-3). Importantly, the reduction in the
PERG response in Panx1-deficient mice was not associated with a corresponding reduction in the photopic flash
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Figure 7. Overexpression of Panx1 increased N2a plasma membrane permeability to small molecules. (A)
Ethidium bromide (EtBr) uptake by stably transfected N2a clones after 1 h incubation with and without IAA94
agonist. Cells were imaged by fluorescent microscopy at low (10x) magnification. (B-E) Time courses of EtBr
uptake with or without pharmacological treatments. (B) Time course without any treatments (baseline). (C)
Time course for EtBr uptake in the presence of 1.5 mM ATP. (D) Time course for EtBr uptake in the presence of
200 uM TAA94. (E) Dose-response curve for IAA94 in N2a-Panx1-Cl cells. Measurements were taken 30 min
after application of IAA94; the basal value of EtBr uptake in the absence of IAA94 was subtracted from the
recorded values; n =9 per condition/time point.

ERG b-wave. Both our study and the report by Kranz et al.'> showed that the photopic flash ERG (an outer retina
response) is not altered in Panx1-deficient mice, which rules out a measurable role of Panx1 in pre-ganglionic
retina function. The same study also attempted to test the possible roles of Panx1 in the retinal electrical output
using microchip-mediated ERG recordings from the inner retina'’; however, in contrast to our results, the data
generated by this technique could not be directly attributed to RGC function. Also noteworthy, a recent report
implicated Panx1 in the electrophysiology of the heart*!, which is consistent with its proposed electrophysiolog-
ical role in retinal neurons.

For the first time, we were able to determine that OFF-type cells possess the highest activity of Panx1 channels
using single-cell patch clamp recordings. This new knowledge sheds light on the molecular constituents contrib-
uting to the functional specialization of RGCs, the output neurons consisting of approximately 30 functional sub-
groups*2. Single-cell profiling experiments are required to identify molecular partners of Panx1 and the signaling
pathways required for stimuli-dependent depolarization of these neurons.

The physiological mechanism by which Panx1 increases the electrical output in homeostatic RGCs currently
remains unknown. The most studied pathway mediated by the Panx1 channel involves ATP release into the extra-
cellular space. ATP and its degradation product, adenosine, participate in both paracrine and autocrine signaling,
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Figure 8. Overexpression of Panx1 increases susceptibility of N2a cells to OGD injury. Plasma membrane
permeability to extracellular EtBr (uptake) and intercellular EGFP (release) in stably transfected N2a lines

was quantified under the following conditons. (A) Normoxia for 2 h with or without 1.5mM ATP or 0.2 mM
IAA94. (B) Normoxia or OGD for 1.5h. EGFP release under OGD conditions indicate cells death by membrane
breakdown. (C) Time course of EGFP release under OGD conditions. (D) EGFP release under the OGD
conditions with or without apyrase or 1.5mM ATP. Values are percentage of the maximum value observed after
treatment with 0.03% saponin. **Time points with statistically significant (P < 0.01) increase in EGFP release
by Panx1-C1 cells in the presence of ATP; significance calculated using one-way ANOVA and Tukey test for
multiple comparisons. Error bars for most values are smaller than symbols, n =9 per condition/time point.

which facilitates activity of these output neurons*>**. Indeed, Panx1-mediated ATP release from RGCs* and
astrocytes* was linked to neuronal activity in the central and peripheral nervous systems?’, as well as in its regu-
lation by the microglia*. Therefore, a synchronized activation of multiple Panx1 channels during RGC membrane
depolarization may generate a local “puff” of eATP and a subsequent increase in adenosine, causing autocrine
stimulation of P2X, other ATP-gated channels and A2A adenosine receptors.

The intrinsic responsiveness of Panx1 channels has previously been implicated in neurotoxicity, includ-
ing neurotoxicity of RGCs, induced by mechanical or ischemic injuries**~2. In pathological conditions of
elevated IOP, eATP and/or ischemia, high levels of Panx1 sensitized cells to death, while both ablation of the
Panx1 gene or blockade of the Panx1 channel by probenecid provided protection in vitro and in vivo (Figs 5, 8).
This result is important because it shows the following: a) Panx1 activity during the acute phase of IOP/eATP
elevation-induced injury is a critical trigger for progressive RGC loss and b) transient suppression of the channel
during acute injury is sufficient to provide significant protection. Furthermore, our dye uptake data in N2a cell
cultures (Figs 7, 8) showed that such sensitization could cause selective dysfunction or death of Panx1-enriched
N2a cells via membrane permeation and breakdown when exposed to ischemia and eATP. If the same is true for
post-ischemic RGCs, this result suggests that the selective death of the Panx1-enriched RGCs as a feasible expla-
nation of the early decrease in PERG amplitude typically observed in glaucoma and retinal ischemia'®?. Indeed,
according to our AAV2-Cre conditional ablation data (Fig. 4), the Panx1-mediated loss of RGCs disrupted the
PERG response in a similar fashion. Combined with a recent reports showing that distinct RGC subtypes that
project dendrites into the OFF lamina are selectively affected in glaucoma®-*, our finding of a high Panx1 activity
in OFF-type neurons suggests a role of Panx1-mediated toxicity in glaucoma RGC pathology.

The physiological mechanism facilitating Panx1-mediated neurotoxicity implicates pathological
over-activation of the channel. What factors can contribute to such activation and synergistically sensitize neu-
rons to death in the retina? A number of stressors and danger factors capable of activating the Panx1 channel are
known to be present and/or increased in the retina upon challenge with IOP elevation, including: i) mechanical
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stress from the increased IOP% ii) eATP, acting through purinergic P2X receptors?; iii) caspases 3/7, which irre-
versibly activate Panx1 by proteolytic cleavage®; iv) ischemic injury”#>>; v) extracellular glutamate, which acti-
vates Panx1 via the NMDA receptor/Src kinase pathway®; and vi) other danger factors, such as high levels of
extracellular K, Zn2" or 3-amyloid*’-*. In the current study, we examined the toxic effect of a combination of
ischemia and ATP and utilized N2a cells engineered to over-express Panx1. Since electrophysiological responses
to voltage ramps and to eATP were strikingly similar in Panx1-overexpressing N2a cells and in primary RGCs,
we used the N2a data as a proxy for studies of RGC responses to ischemic stressors. We showed that this combi-
nation of stressors fully activated the Panx1 channels and selectively permeated and killed Panx1-enriched N2a
cells. Indeed, our results show that elevated IOP, known to induce ATP release in the retina and optic nerve? 44,
permeabilized and killed RGCs in vivo in a Panx1-dependent manner. This observation is in contrast to that
observed in control N2a cells and non-RGC retinal neurons, such as displaced ACs. These cells, characterized by
low levels of Panx1 expression and the lack of Panx1-specific transmembrane currents, remained protected. Such
an active role in mediating cell death implies that vulnerability to ischemic conditions is directly proportional to
the Panx1 expression pattern across inner retinal cell types (Fig. 1). Indeed, ACs are well known to be relatively
more resistant to glaucoma than RGCs. In the literature, another line of evidence supporting this correlation is
provided by studies where direct cytotoxicity was induced by acute conversion of Panx1 channels to a fully open
state by either caspase cleavage®!>°>% or by light in an engineered optogenetic Opto-Panx1 construct®2,

Extracellular ATP, released from mechanically stressed*>** or dying cells during ischemic®® and ocular
hypertensive conditions*>*, exerts cytotoxicity through the activation of P2X receptors and Panx1 channels®%.
Cytotoxic levels may also be achieved locally through the contribution of Panx1-mediated ATP release, which
can trigger activation of low-affinity P2X7 receptors in either a paracrine or autocrine® manner. As an example,
Panx1-mediated eATP elevation in the retina, triggered by mechanical stress®, such as IOP spikes, led to neu-
ronal death in the GCL of rat retinas®. Importantly, cytotoxic activation of P2X7 only occurs at pathologically
high (>1 mM) eATP levels but not in the physiological range (<100 uM), which only causes cell permeation to
small molecules and transient elevation in intracellular Ca?" in primary retinal ganglion cells®’. Consistent with
the proposed mechanism, blockade of either the P2X7 receptor®® or enzymatic degradation of eATP by apyrase
treatment also suppresses this toxicity®®.

Taken together, our results fit a hypothetical model in which the accelerated death of Panx1-enriched RGCs,
including the OFF-type cells, via over-activation of the channel represents a potential new mechanism that con-
tributes to the selective loss of electrically active neurons in ischemic and glaucomatous pathologies. This model
requires further validation but is not in conflict with the existing paradigm stating that RGCs are very sensitive
to ischemia-induced mitochondrial insufficiency due to high energy dependence (reviewed in®). Post-ischemic
metabolic failure, leading to RGC death through intracellular calcium overload, membrane depolarization and
loss of ATP production, has been shown to be mechanistically mediated by Panx1 in hippocampal pyramidal neu-
rons and RGCs #*°27, including by this study. Alternative neuronal death mechanisms involving Panx1, including
those mediated by the inflammasome’"’2, are also a possibility and will be investigated in a separate study.

In conclusion, our findings show that Panx1 plays an essential physiological role in RGCs by contributing to
the electrical output of these cells. Our results also suggest that OFF-type RGCs exhibit particularly high Panx1
channel activity, which can also underlie their susceptibility to glaucoma. Importantly, the neuroprotective effect
of transient Panx1 blockade provides feasibility for the pharmacological modulation of this channel as a part of
a prophylactic or therapeutic intervention in acute and chronic ocular hypertension injury, including glaucoma.

Materials and Methods

Animals.  All experiments and post-surgical care were performed in compliance with the NIH Guide for the
Care and Use of Laboratory Animals and according to the University of Miami Institutional Animal Care and Use
Committee approved protocols #09-037 and #15-031. Mice were bred in the University of Miami animal facility,
and housed under standard conditions of temperature and humidity with a 12-h light/dark cycle and free access
to food and water. Wild type (WT) animals were in the C57BL/6 background. The Panx1%® mouse line with LoxP
sites flanking exons 3 and 4 in a single-copy Panx1 gene (B6;129-Casp44¢! Panx1"™!Vh¢/])% were used to gener-
ate zygotic and conditional knockout lines. These mice were backcrossed to a C57BL/6 background for at least
seven generations prior to the experiments. For complete knockout mice, Panx1? animals were crossed with
CMV-Cre driver mice (B6.C-Tg(CMV-cre)1Cgn/J). Knockout mice with neuron-specific conditional (Thy1-Cre/
Panx1) inactivation of Panx1 were generated by crossing with FVB/N-Tg(Thyl-cre)1VIn/] mice, as previously
described®. For RGC-selective deletion of the gene, Panx1% mice received intraocular injection of a replica-
tion-deficient AAV2 virus carrying a CRE expression cassette (AAV2-Cre/GFP, Vector Biolabs, Philadelphia,
PA), which transduced approximately 85-90% of the RGCs with only minimal transduction of some Miiller cells
(Schmitt et al.**). Mouse strains with full ablation of Casp11 on C57Bl/6 background (referred to as Caspl1~/~,
Jaxx strain B6.12954(D2)-Casp4'™!1¥uanT) possessing wild type Panx1, were purchased from Jackson Laboratory
(Bar Harbour, ME). An alternative strain of mice with full zygotic Panx1 ablation (Panx1~'~/B6), developed by V.
Dixit on the B6 genetic background?®, were obtained from Genetech Inc. (Oceanside, CA) and backcrossed with
C57Bl/6] for 5 generations.

Cell culture. Neuroblastoma N2a (N2a, ATCC strain catalogue #CCL-131) cells were cultured at 37°C and
5% CO, in IMDM + GlutaMAX (Life Technologies), supplemented with 10% fetal calf serum and penicillin/
streptomycin antibiotic. N2a cells were stably transfected with pPanx1- IRES2-EGFP or pEGFP (Invitrogen)
constructs using Lipofectamine 2000 (Invitrogen) with 0.6 mg/ml G418 for selection. The resulting N2a clones
expressed either Panx1 (N2a-Panx1-Cl1 and Panx1-C3) and EGFP to label Panx1-expressing cells or EGFP alone
(N2a-EGFP-B2 and N2a-EGFP-B3) in control cell lines.
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In situ RNA hybridization. In situ RNA hybridization was performed using RNAscope technology
(Advanced Cell Diagnostics, Hayward, California) following the manufacturer’s protocol. Briefly, formalin fixed
paraffin embedded total mouse eyes were cut into 5pm sections and mounted on SuperFrost Plus glass slides.
After de-paraffinization, slides were treated for 15 min with boiling Pretreat 2 solution, followed by pretreatment 3
(protease) for 30 min at 37 °C. To reduce chromosomal DNA background, we introduced a DNase treatment step:
slides were washes 5 x with water, and treated with DNase I (50 u/ml in 1 x DNase I buffer, Ambion) for 40 min at
37°C. To demonstrate that the signal comes from hybridization of probes with mRNA, some slides were treated
with a mixture of DNase I and RNase A (5mg/ml). Following 5x wash with water, slides were hybridized with
RNAscope probes for 2h at 40 °C. The fluorescent signal was visualized and captured using either Nikon Eclipse
TE2000-U open-field or Leica SP2 confocal microscopes.

Whole-cell patch clamp recordings in intact retina. Freshly dissected retinas were attached
photoreceptor-side down to a translucent Millicell filter ring (Millipore, Bedford, MA), and placed on a recording
chamber of an upright Nikon FN1 microscope equipped with Hoffman modulation contrast optics (Modulation
Optics, Inc., Greenvale, NY). The chamber was constantly bathed (1 ml/min) with bicarbonate-buffered Ames
solution (Sigma, St. Louis, MO), and equilibrated with 95% O, and 5% CO, at 32 °C; solutions were applied
using an eight-channel superfusion system (Warner Instruments, Hamden, CT). The intracellular solu-
tion contained (in mM): 120.0 Cs-gluconate, 10.0 tetraethyl-ammonium chloride (TEA-CI), 1.0 CaCl,, 1.0
MgCl,, 11.0 ethylene glycol-bis(beta-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), 10.0 sodium
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (Na-HEPES), 2.5 QX314 (an anaesthetic to block post-
synaptic sodium action potentials), and 0.05% sulforhodamine B adjusted to pH 7.2 with CsOH. The calculated
Eq was —58 mV. Whole-cell patch clamp recordings where performed as previously described”>”%. A modified
preconditioning protocol®! was applied to assess Panx1 channel activity. Cells were clamped at a —60 mV holding
potential, and 250 ms steps from —80 mV to +60mV in 10mYV increments were applied followed by three 10s
preconditioning depolarizing voltage ramps ranging from —80 mV to +60 mV. After the third ramp, the voltage
steps were repeated, and only these data were used for analyses. To stimulate Panx1 channel activity, we used an
extracellular “Panx1 agonist mix” solution with increased ATP and K™ (20mM K™, 0.1 mM ATP), and lower Ca**
(0.5mM) concentrations (all from Sigma). For specific inhibition of Panx1-mediated currents, 100 uM of °panx1
peptide (Anaspec, Fremont, CA), 50 nM mefloquine (MFQ; Bioblocks, San Diego, CA), 25uM water-soluble
carbenoxolone (CBX, Invitrogen), or 300 uM water-soluble probenecid (Thermo Fisher Scientific) were added
to the external solution according to Ma et al.”>. Data analyses was performed using Signal software (Cambridge
Electronic Design, UK). Whole-cell currents were measured manually at the end of the step pulse. Patch clamp
data with a duration less than 10 min were discarded.

For morphological identification, RGCs were filled with Alexa 568 during recording and confocal z-stack
projections of recorded RGCs were generated immediately after. RGC cells were identified by the presence of
axon and classified into three physiological classes based on 1) stratification level of their dendritic tree in ON
and/or OFF inner plexiform layers of the sublamina and 2) spiking activity in response to the light stimulus.
Pannexinl-activated current was recorded in whole-cell patch clamp mode using triple-ramp paradigm in
response to the step pulse from —80 to 60 mV with holding potential —60 mV in control, in the presence of Panx1
of agonist mix or antagonists.

Whole-cell patch clamp recordings from N2a cells. Recordings from stably transfected N2a cells
were performed on coverslips as described above. The external solution contained (in mM): 102.0 NaCl, 10.0
D-glucose, 2.6 KCl, 1.0 CaCl,, 1.0 MgCl, and 28.0 NaHCO; adjusted with NaOH to pH 7.4. The pipette solution
contained (in mM): 125.0K gluconate, 10.0. KCI, 10.0 HEPES, 0.5 CaCl,, 0.5 MgCl,, and 0.4 EGTA adjusted with
KOH to pH 7.2. These concentrations resulted in a free Ca?* concentration of ~100 uM, which enhance Panx1
channel activity.

In vivo retinal electrophysiology. An optimized protocol for mouse PERG recording was previously
described??27¢, Briefly, electrical signals were recorded in anesthetized mice from the corneal electrodes under
conditions that maximized PERG amplitude (pattern stimuli of horizontal bars with a spatial frequency 0.05
cycles/deg, temporal frequency 1 Hz, contrast 100%) with substantial averaging (1800 sweeps). The PERG
signal-to-noise ratio was of the order of 10:1, and the test-retest variability was of the order of 30%’. Balanced
salt solution (BSS) drops were applied to maintain cornea transparency.

Electrophysiology data analyses. Statistical analyses of whole-cell patch clamp recordings in the intact
retina were performed using Excel 2011 (Microsoft Corporation, Redmont, WA) and OriginPro 7 (OriginLab
Corporation, Northampton, MA). Plotted data are given as means &= SEM. Statistical differences of the data were
evaluated by analysis of variance (ANOVA); the level of significance was set at P < 0.05. Statistical analyses of
patch clamp data obtained from N2a cells was performed with Prism 5 (GraphPad Software Inc., La Jolla, CA).
Comparisons between two datasets were made using the Mann-Whitney rank sum test. Comparison between
three or more groups have been done with the nonparametric Kruskal-Wallis test followed by the Dunn’s Multiple
Comparison post test. Statistical analysis of PERG measurements was carried out with the Mann-Whitney test.
The overall level of significance was set at P < 0.05.

AAV?2 virus construct injection.  AAV2-EGFP-Cre viral particles were injected under ketamine-xylasine
anesthesia unilaterally into the left (experimental) eye of experimental animals. The total volume of 1.5 pL was
delivered slowly into the vitreous over 30s period to prevent acute intraocular pressure elevation; care was taken
to avoid leaks, lens damage and infection (triple antibiotic ointment). Mice were analyzed by PERG recordings
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at 4,6 and 8 weeks prior to termination to allow for Cre-deletion and pre-existing protein elimination. Only high
titer stocks, containing 5.0xE'?-1.2-E"* capsids were used to ensure >90% in vivo infection rate. Contralateral
control eye received AAV2-EGFP construct to normalize for potential the off-target effects of AAV2 virus infec-
tion. EGFP expression in control eye was assessed after termination of the series at 8 weeks to assess the efficacy
of AAV2 infection.

Behavioral test of visual acuity. Visual thresholds in experimental and control eyes were evaluated using
the custom-made Optokinetic Head-Tracking system. The systems is equipped with four optokinetic monitors
to display of rotating sinusoidal gratings of alternating white and black stripes, following the method of Prusky”’.
The rotation direction was changed every 30s for a total of 6 changes per stripe thickness. Stripe thickness of the
gratings was decreased stepwise by a factor of 2 until the animal could no longer track the direction of movement
of the gratings. Mice were placed on a raised platform in the center of a chamber and were tracked for head
movements that followed the direction of stripe movement, to score their vision. Visual acuity was defined as the
highest spatial frequency yielding a response from the mouse, which was derived from the angular frequency of
the stripe rotation. Data analysis included calculation of mean cycles/degree values = SDEV.

IOP-induced retinal ischemia-reperfusion model. Under ketamine/xylazine (80/16 mg/kg) anesthe-
sia, pupils were dilated with 1% tropicamide and 2.5% phenylephrine hydrochloride (NutraMax Products, Inc.,
Gloucester, MA), and 1 drop of 0.5% proparacaine HCI (Bausch & Lomb Pharmaceuticals, Rochester, NY) was
applied for corneal analgesia. Retinal ischemia was induced by an IOP increase above cystolic blood pressure (to
120 mm Hg) for 60 min by direct cannulation of the anterior chamber with a 29G needle connected to a normal
saline (0.9% NaCl)-filled reservoir raised above the animal, as described in*°). The contralateral eyes, cannulated
at normal IOP, served as normotensive controls. Complete retinal ischemia, observed as the whitening of the
anterior segment and blanching of the arteries, was verified microscopically. Mice were euthanized and retinas
were dissected out, fixed and processed at 7 days after reperfusion. Probenecid was injected intraperitoneally 1 h
prior to IOP elevation at 2.0 mM in sterile PBS according to Mawhinney et al.”s.

RGC loss assessment. Data analysis on RGC loss was performed in flat-mounted retinas sampled at 7 days
post-reperfusion and immunostained with NeuN antibodies. Confocal image slices collected for depth (0-30 um)
were collapsed to generate maximum projections, and used for RGC counts with MetaMorph software (Universal
Imaging Co., Bedford Hills, NY) after thresholding and manual exclusion of artifacts. Retinas were sampled from
20 fields in 4 retinal quadrants, each samples in 3 regions of the same eccentricities (0.5mm, 1.0 mm, 1.5mm
from the optic disk) as previously described*. RGC loss was calculated as a percentage of NeuN-positive cells in
experimental eyes relative to sham-operated contralateral control eyes. The cell density data (n > 5) were averaged
for each group/genotype; statistical analyses data were analyzed with one-way ANOVA followed by Tukey test for
multiple comparisons; P values < 0.05 were considered statistically significant.

Oxygen/glucose deprivation model. N2a cells were incubated for 4 h in a hypoxic chamber (BioSpherix
Ltd., Parish, NY) using glucose-free oxygen/glucose deprivation (OGD) solution (Hank’s BSS [HBSS] with
sucrose, deoxygenated by bubbling with N, for 1h at 37°C) as described in Dvoriantchikova et al.*’. Subsequently,
the culture medium was changed to normoxic Neurobasal/B27 media for 1-24h in a 5% CO, atmosphere (“rep-
erfusion” phase) prior to the analysis.

Statistical analysis. Real-time PCR and cell density data were analyzed for significance with one-way
ANOVA followed by Tukey test for multiple comparisons. For single comparisons, Student’s t test was applied. P
values < 0.05 were considered statistically significant.

The description of common methods, immunohistochemistry, isolation of primary retinal cells, including
real-time PCR, Western blot analysis, flash electroretinogram recordings, neuronal death assay in cultured N2a is
provided in the Supplementary information.

References
1. Bruzzone, R., Barbe, M. T,, Jakob, N. J. & Monyer, H. Pharmacological properties of homomeric and heteromeric pannexin
hemichannels expressed in Xenopus oocytes. ] Neurochem 92, 1033-1043 (2005).
2. Bao, L., Locovei, S. & Dahl, G. Pannexin membrane channels are mechanosensitive conduits for ATP. FEBS Lett 572, 65-68 (2004).
3. Iglesias, R. et al. P2X7 receptor-Pannexinl complex: pharmacology and signaling. Am J Physiol Cell Physiol 295, C752-760 (2008).
4. Kawamura, M. Jr, Ruskin, D. N. & Masino, S. A. Metabolic autocrine regulation of neurons involves cooperation among pannexin
hemichannels, adenosine receptors, and KATP channels. ] Neurosci 30, 3886-3895 (2010).
5. Baranova, A. et al. The mammalian pannexin family is homologous to the invertebrate innexin gap junction proteins. Genomics 83,
706-716 (2004).
6. Panchin, Y. et al. A ubiquitous family of putative gap junction molecules. Curr Biol 10, R473-474 (2000).
7. Thompson, R. J., Zhou, N. & MacVicar, B. A. Ischemia opens neuronal gap junction hemichannels. Science 312, 924-927 (2006).
8. Zhang, L. et al. Role for nitric oxide in permeability of hippocampal neuronal hemichannels during oxygen glucose deprivation. J
Neurosci Res 86, 2281-2291 (2008).
9. Weilinger, N. L., Tang, P. L. & Thompson, R. J. Anoxia-induced NMDA receptor activation opens pannexin channels via Src family
kinases. The Journal of neuroscience: the official journal of the Society for Neuroscience 32, 1257912588 (2012).
10. Sarrouilhe, D., Dejean, C. & Mesnil, M. Involvement of gap junction channels in the pathophysiology of migraine with aura. Front
Physiol 5,78 (2014).
11. de Rivero Vaccari, J. P. et al. Therapeutic neutralization of the NLRP1 inflammasome reduces the innate immune response and
improves histopathology after traumatic brain injury. J Cereb Blood Flow Metab 29, 1251-1261 (2009).
12. Gulbransen, B. D. et al. Activation of neuronal P2X7 receptor-pannexin-1 mediates death of enteric neurons during colitis. Nat Med
18, 600-604 (2012).

SCIENTIFICREPORTS | (2018) 8:5797 | DOI:10.1038/s41598-018-23894-2 13



www.nature.com/scientificreports/

13.

14.

15.

16.
17.

18.
19.

20.

2

—

22.

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

4

—

42.
43.

44,

45.

46.
47.
48.
49.
50.
. Shestopalov, V. I. & Slepak, V. Z. Molecular pathways of pannexinl-mediated neurotoxicity. Front Physiol 5, 23 (2014).
52.
53.
54.
55.

56.

Dvoriantchikova, G., Ivanov, D., Panchin, Y. & Shestopalov, V. I. Expression of pannexin family of proteins in the retina. FEBS Lett
580, 2178-2182 (2006).

Ray, A., Zoidl, G., Weickert, S., Wahle, P. & Dermietzel, R. Site-specific and developmental expression of pannexinl in the mouse
nervous system. Eur ] Neurosci 21, 3277-3290 (2005).

Kranz, K. et al. Expression of Pannexinl in the outer plexiform layer of the mouse retina and physiological impact of its knockout.
Comp Neurol 521, 1119-1135 (2013).

Riggs, L. A., Johnson, E. P. & Schick, A. M. Electrical Responses of the Human Eye to Moving Stimulus Patterns. Science 144, 567 (1964).
Fiorentini, A., Maffei, L., Pirchio, M., Spinelli, D. & Porciatti, V. The ERG in response to alternating gratings in patients with diseases
of the peripheral visual pathway. Investigative ophthalmology & visual science 21, 490-493 (1981).

Porciatti, V. Electrophysiological assessment of retinal ganglion cell function. Exp Eye Res (2015).

Fredette, M. J., Anderson, D. R., Porciatti, V. & Feuer, W. Reproducibility of pattern electroretinogram in glaucoma patients with a
range of severity of disease with the new glaucoma paradigm. Ophthalmology 115, 957-963 (2008).

Porciatti, V., Saleh, M. & Nagaraju, M. The pattern electroretinogram as a tool to monitor progressive retinal ganglion cell
dysfunction in the DBA/2J] mouse model of glaucoma. Invest Ophthalmol Vis Sci 48, 745-751 (2007).

. Siliprandi, R., Bucci, M. G., Canella, R. & Carmignoto, G. Flash and pattern electroretinograms during and after acute intraocular

pressure elevation in cats. Invest Ophthalmol Vis Sci 29, 558-565 (1988).

Trimarchi, C. B. G., Domenici, L., Porciatti, V. & Bisti, S. The flash- and pattarn-electroretinogram generators in the cat: a
pharmacological approach. Clin Vis Sci. 6, 19-24 (1990).

Locovei, S., Wang, J. & Dahl, G. Activation of pannexin 1 channels by ATP through P2Y receptors and by cytoplasmic calcium. FEBS
Lett 580, 239-244 (2006).

Qiu, E & Dahl, G. A permeant regulating its permeation pore: inhibition of pannexin 1 channels by ATP. Am ] Physiol Cell Physiol
296, C250-255 (2009).

Fiebich, B. L., Akter, S. & Akundi, R. S. The two-hit hypothesis for neuroinflammation: role of exogenous ATP in modulating
inflammation in the brain. Front Cell Neurosci 8, 260 (2014).

Melani, A. et al. Ecto-ATPase inhibition: ATP and adenosine release under physiological and ischemic in vivo conditions in the rat
striatum. Exp Neurol 233, 193-204 (2012).

Li, A. et al. Sustained elevation of extracellular ATP in aqueous humor from humans with primary chronic angle-closure glaucoma.
Exp Eye Res 93, 528-533 (2011).

Zhang, X. et al. Acute increase of intraocular pressure releases ATP into the anterior chamber. Exp Eye Res 85, 637-643 (2007).
Huang, Y., Grinspan, J. B., Abrams, C. K. & Scherer, S. S. Pannexinl is expressed by neurons and glia but does not form functional
gap junctions. Glia 55, 46-56 (2007).

Kurtenbach, S. et al. Pannexin1 channel proteins in the zebrafish retina have shared and unique properties. PLoS One 8, €77722 (2013).
Grundken, C. et al. Unified patch clamp protocol for the characterization of Pannexin 1 channels in isolated cells and acute brain
slices. ] Neurosci Methods 199, 15-25 (2011).

Porciatti, V. The mouse pattern electroretinogram. Doc Ophthalmol 115, 145-153 (2007).

Schmitt, H. M., Pelzel, H. R., Schlamp, C. L. & Nickells, R. W. Histone deacetylase 3 (HDAC3) plays an important role in retinal
ganglion cell death after acute optic nerve injury. Mol Neurodegener 9, 39 (2014).

Vanden Berghe, T. et al. Passenger Mutations Confound Interpretation of All Genetically Modified Congenic Mice. Immunity 43,
200-209 (2015).

Qu, Y. et al. Pannexin-1 is required for ATP release during apoptosis but not for inflammasome activation. J Immunol 186,
6553-6561 (2011).

Pope, A. ], Richardson, S. K., Ife, R. J. & Keeling, D. ]. Characterisation of the effects of anthranilic and (indanyloxy) acetic acid
derivatives on chloride transport in membrane vesicles. Biochim Biophys Acta 1067, 51-63 (1991).

Sagdullaev, B. T., McCall, M. A. & Lukasiewicz, P. D. Presynaptic inhibition modulates spillover, creating distinct dynamic response
ranges of sensory output. Neuron 50, 923-935 (2006).

Sagdullaev, B. T., Eggers, E. D., Purgert, R. & Lukasiewicz, P. D. Nonlinear interactions between excitatory and inhibitory retinal
synapses control visual output. ] Neurosci 31, 15102-15112 (2011).

Martin, K. R. et al. Gene therapy with brain-derived neurotrophic factor as a protection: retinal ganglion cells in a rat glaucoma
model. Investigative ophthalmology & visual science 44, 4357-4365 (2003).

Harvey, A. R. et al. Intravitreal injection of adeno-associated viral vectors results in the transduction of different types of retinal
neurons in neonatal and adult rats: a comparison with lentiviral vectors. Mol Cell Neurosci 21, 141-157 (2002).

. Petric, S. et al. Pannexin-1 Deficient Mice Have an Increased Susceptibility for Atrial Fibrillation and Show a QT-Prolongation

Phenotype. Cellular physiology and biochemistry: international journal of experimental cellular physiology, biochemistry, and
pharmacology 38, 487-501 (2016).

Baden, T. et al. The functional diversity of retinal ganglion cells in the mouse. Nature 529, 345-350 (2016).

Xia, J. et al. Neurons respond directly to mechanical deformation with pannexin-mediated ATP release and autostimulation of P2X7
receptors. ] Physiol 590, 2285-2304 (2012).

Zhang, X., Zhang, M., Laties, A. M. & Mitchell, C. H. Balance of purines may determine life or death of retinal ganglion cells as A3
adenosine receptors prevent loss following P2X7 receptor stimulation. ] Neurochem 98, 566-575 (2006).

Beckel, . M.. et al. Mechanosensitive release of adenosine 5'-triphosphate through pannexin channels and mechanosensitive
upregulation of pannexin channels in optic nerve head astrocytes: a mechanism for purinergic involvement in chronic strain. Glia
62, 1486-1501 (2014).

Lopatar, J., Dale, N. & Frenguelli, B. G. Pannexin-1-mediated ATP release from area CA3 drives mGlu5-dependent neuronal
oscillations. Neuropharmacology 93, 219-228 (2015).

Riquelme, M. A. et al. The ATP required for potentiation of skeletal muscle contraction is released via pannexin hemichannels.
Neuropharmacology 75, 594-603 (2013).

Samuels, S. E., Lipitz, J. B., Dahl, G. & Muller, K. J. Neuroglial ATP release through innexin channels controls microglial cell
movement to a nerve injury. ] Gen Physiol 136, 425-442 (2010).

Dvoriantchikova, G. et al. Genetic ablation of Pannexin1 protects retinal neurons from ischemic injury. PLoS One 7, €31991 (2012).
Orellana, J. A. et al. Restraint stress increases hemichannel activity in hippocampal glial cells and neurons. Front Cell Neurosci 9, 102 (2015).

Weilinger, N. L. et al. Metabotropic NMDA receptor signaling couples Src family kinases to pannexin-1 during excitotoxicity. Nat
Neurosci (2016).

Ou, Y, Jo, R. E,, Ullian, E. M., Wong, R. O. & Della Santina, L. Selective Vulnerability of Specific Retinal Ganglion Cell Types and
Synapses after Transient Ocular Hypertension. J Neurosci 36, 9240-9252 (2016).

El-Danaf, R. N. & Huberman, A. D. Characteristic patterns of dendritic remodeling in early-stage glaucoma: evidence from
genetically identified retinal ganglion cell types. ] Neurosci 35, 2329-2343 (2015).

Chekeni, E. B. et al. Pannexin 1 channels mediate find-me’ signal release and membrane permeability during apoptosis. Nature 467,
863-867 (2010).

Weilinger, N. L. et al. Ionotropic receptors and ion channels in ischemic neuronal death and dysfunction. Acta Pharmacol Sin 34,
39-48 (2013).

SCIENTIFICREPORTS | (2018) 8:5797 | DOI:10.1038/s41598-018-23894-2 14



www.nature.com/scientificreports/

57. Bunse, S. et al. The potassium channel subunit Kvbeta3 interacts with pannexin 1 and attenuates its sensitivity to changes in redox
potentials. Febs ] 276, 6258-6270 (2009).

58. Brough, D., Pelegrin, P. & Rothwell, N. J. Pannexin-1-dependent caspase-1 activation and secretion of IL-1beta is regulated by zinc.
Eur ] Immunol 39, 352-358 (2009).

59. Olivier, E. et al. P2X7-pannexin-1 and amyloid beta-induced oxysterol input in human retinal cell: Role in age-related macular
degeneration? Biochimie 127,70-78 (2016).

60. Sandilos, J. K. et al. Pannexin 1, an ATP release channel, is activated by caspase cleavage of its pore-associated C-terminal
autoinhibitory region. J Biol Chem 287, 11303-11311 (2012).

61. Zhang, W. et al. Optogenetic control with a photocleavable protein, PhoCl. Nat Methods 14, 391-394 (2017).

62. Chiu, Y. H. et al. A quantized mechanism for activation of pannexin channels. Nat Commun 8, 14324 (2017).

63. Schock, S. C., Leblanc, D., Hakim, A. M. & Thompson, C. S. ATP release by way of connexin 36 hemichannels mediates ischemic
tolerance in vitro. Biochem Biophys Res Commun 368, 138-144 (2008).

64. Orellana, J. A. et al. ATP and glutamate released via astroglial connexin 43 hemichannels mediate neuronal death through activation
of pannexin 1 hemichannels. ] Neurochem 118, 826-840 (2011).

65. Krizaj, D. et al. From mechanosensitivity to inflammatory responses: new players in the pathology of glaucoma. Curr Eye Res 39,
105-119 (2014).

66. Resta, V. et al. Acute retinal ganglion cell injury caused by intraocular pressure spikes is mediated by endogenous extracellular ATP.
Eur ] Neurosci 25, 2741-2754 (2007).

67. Reigada, D., Lu, W,, Zhang, M. & Mitchell, C. H. Elevated pressure triggers a physiological release of ATP from the retina: Possible
role for pannexin hemichannels. Neuroscience 157, 396-404 (2008).

68. Niyadurupola, N. et al. P2X7 receptor activation mediates retinal ganglion cell death in a human retina model of ischemic
neurodegeneration. Invest Ophthalmol Vis Sci 54, 2163-2170 (2013).

69. Osborne, N. N. Pathogenesis of ganglion “cell death” in glaucoma and neuroprotection: focus on ganglion cell axonal mitochondria.
Prog Brain Res 173, 339-352 (2008).

70. Osborne, N. N. Mitochondria: Their role in ganglion cell death and survival in primary open angle glaucoma. Exp Eye Res 90,
750-757 (2010).

71. Adamczak, S. E. et al. Pyroptotic neuronal cell death mediated by the AIM2 inflammasome. ] Cereb Blood Flow Metab 34, 621-629 (2014).

72. Crespo Yanguas, S. et al. Pannexinl as mediator of inflammation and cell death. Biochim Biophys Acta 1864, 51-61 (2017).

73. Toychiev, A. H., Yee, C. W. & Sagdullaev, B. T. Correlated spontaneous activity persists in adult retina and is suppressed by inhibitory
inputs. PLoS One 8, €77658 (2013).

74. Toychiev, A. H., Sagdullaev, B., Yee, C. W,, Ivanova, E. & Sagdullaev, B. T. A time and cost efficient approach to functional and
structural assessment of living neuronal tissue. ] Neurosci Methods 214, 105-112 (2013).

75. Ma, W., Hui, H., Pelegrin, P. & Surprenant, A. Pharmacological characterization of pannexin-1 currents expressed in mammalian
cells. ] Pharmacol Exp Ther 328, 409-418 (2009).

76. Talla, V. et al. NADH-dehydrogenase type-2 suppresses irreversible visual loss and neurodegeneration in the EAE animal model of
MS. Mol Ther 21, 1876-1888 (2013).

77. Prusky, G. T. & Douglas, R. M. Characterization of mouse cortical spatial vision. Vision Res 44, 3411-3418 (2004).

78. Mawhinney, L. J., de Rivero Vaccari, J. P,, Dale, G. A., Keane, R. W. & Bramlett, H. M. Heightened inflammasome activation is linked
to age-related cognitive impairment in Fischer 344 rats. BMC Neurosci 12, 123 (2011).

Acknowledgements

We are grateful to Drs G. Zoidl and N. Prochnow for consultations on patch clamp recordings, to Dr. E. Ivanova
for advising us on retinal flat-mount immunostaining, to Drs D.W. Laird and S. Penuela for providing the anti-
mPanx1 antibodies, to Dr. Hong Yu for technical assistance with PERG recordings, Dr. A. Tuzhikov for the
assistance with imaging software, Dr. V. Talla for assistance with AAV2 expression vector constructs, A. Raiser
for the help with the behavioral testing, J. Shestopalov for graphical art and Drs A. Hackam and A. Kurtenbach
for critical reading of the manuscript. Panx1~/~/B6 mouse strain was developed by Dr. V. Dixit and provided by
Genentech. This work was supported by National Institute of Health grants RO1EY020535 (BTS), RO1EY018666
(VZS), R0O1EY021517 (VIS), the Russian Science Foundation grant N17-15-01433 (VIS), National Institute of
Health center grant P30 EY014801, an unrestricted Research to Prevent Blindness and Department of Defense
grant W81XWH-13-1-0048 to the Department of Ophthalmology.

Author Contributions

V.I.S., V.Z.S., and B.T.S. conceptualized ideas and designed the experiments, implemented the methodology and
wrote the paper. G.D., A.P, AT, SK,A.T, T-H.C, CW.Y, PB. and ].T. performed the experiments and the data
analyses. V.P,, S.K., A.P. and T.-H.C. assisted with the research design, data interpretation, manuscript writing
and editing.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23894-2.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:5797 | DOI:10.1038/s41598-018-23894-2 15


http://dx.doi.org/10.1038/s41598-018-23894-2
http://creativecommons.org/licenses/by/4.0/

	Pannexin 1 sustains the electrophysiological responsiveness of retinal ganglion cells

	Results

	RGCs have the highest level of Panx1 expression in the inner retina. 
	Robust Panx1-mediated currents are detected only in RGCs. 
	Panx1 contributes to the PERG response. 
	Neurons are more resistant to IOP-induced injury in retinas with Panx1 inactivation. 
	Modeling Panx1-mediated responses in stable Neuro2a (N2a) cell lines. 
	Panx1 agonists and ischemia induce plasma membrane permeability in N2a-Panx1-C cell lines. 
	High Panx1 expression sensitizes N2a cells to ischemic injury. 

	Discussion

	Materials and Methods

	Animals. 
	Cell culture. 
	In situ RNA hybridization. 
	Whole-cell patch clamp recordings in intact retina. 
	Whole-cell patch clamp recordings from N2a cells. 
	In vivo retinal electrophysiology. 
	Electrophysiology data analyses. 
	AAV2 virus construct injection. 
	Behavioral test of visual acuity. 
	IOP-induced retinal ischemia-reperfusion model. 
	RGC loss assessment. 
	Oxygen/glucose deprivation model. 
	Statistical analysis. 

	Acknowledgements

	F﻿igure 1 RGCs have the highest levels of Panx1 expression in the retina.
	﻿Figure 2 Voltage patch clamp recordings of Panx1 currents from inner retinal neurons.
	﻿Figure 3 Panx1 channel activity in three functional subtypes of RGCs.
	﻿Figure 4 Panx1 deficiency results in changes in RGC function.
	Figure 5 Panx1 inactivation protects RGCs in ischemia-reperfusion.
	Figure 6 Panx1 forms functional channels in stably transfected N2a clones.
	﻿Figure 7 Overexpression of Panx1 increased N2a plasma membrane permeability to small molecules.
	﻿Figure 8 Overexpression of Panx1 increases susceptibility of N2a cells to OGD injury.




