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Abstract

Author Manuscript

A critical target tissue in age-related macular degeneration (AMD) is the retinal pigment
epithelium (RPE), which forms the outer blood-retina barrier (BRB). RPE-barrier dysfunction
might result from attenuation/disruption of intercellular tight junctions. Zonula occludens-1
(ZO-1) is a major structural protein of intercellular junctions. A connexin43-based peptide
mimetic, αCT1 was developed to competitively block interactions at the PDZ2 domain of ZO-1,
thereby inhibiting ligands that selectively bind to this domain. We hypothesized that targeting
ZO-1 signaling using αCT1 would maintain BRB integrity and reduce RPE pathophysiology by
stabilizing gap- and/or tight-junctions. RPE-cell barrier dysfunction was generated in mice using
laser-photocoagulation triggering choroidal neovascularization (CNV), or bright-light exposure
leading to morphological damage. αCT1 was delivered via eyedrops. αCT1 treatment reduced
CNV development and fluid leakage as determined by optical coherence tomography, and damage
was correlated with disruption in cellular integrity of surrounding RPE cells. Light-damage
significantly disrupted RPE cell morphology as determined by ZO-1 and Occludin staining and
tiling pattern analysis, which was prevented by αCT1 pre-treatment. In vitro experiments using
RPE and MDCK monolayers indicated that αCT1 stabilizes tight junctions, independent of its
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effects on Cx43. Taken together, stabilization of intercellular junctions by αCT1 was effective in
ameliorating RPE dysfunction in models of AMD-like pathology.
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INTRODUCTION
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Age-related macular degeneration (AMD) is a multifactorial disease regarded as the most
common cause of central vision loss in the elderly in industrialized countries [1, 2]. In late
AMD, patients exhibit damage to the macula, which can occur due to consequences of
geographic atrophy (GA) or choroidal neovascularization (CNV). In GA, the RPE
degenerates, leading to a progressive loss of photoreceptors. Wet AMD is characterized by
the growth of new blood vessels (choroidal neovascularization, CNV) that break through the
blood-retina barrier and grow into the retina under the macula. These blood vessels tend to
be fragile and often leak blood and fluid. RPE damage and loss of blood-retina barrier
function is a common feature in both dry and wet AMD, where the pro-angiogenic factor,
vascular endothelial growth factor (VEGF), plays a key pathogenic role [3].
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The RPE is composed of a single layer of hexagonal, highly pigmented cells located
between the retina and the choroid and forms part of the blood-retina barrier. Its many
functions include: transport of molecules between the subretinal space and the choroidal
blood supply; spatial ion buffering; secretion of growth factors, proteases, etc., that control
the stability of photoreceptors, BrM and the choroid; modulation of the immune response [4]
and subretinal fluid resorption [5]. The RPE exhibits three kinds of intercellular junctions:
tight, adherens and gap junctions. Tight junctions form a gate or barrier that regulates the
paracellular diffusion of solutes and nutrients in the RPE [6]. Adherens junctions provide
strong mechanical attachment between adjacent RPE cells; whereas gap junctions allow for
cell-to-cell communication within the RPE monolayer.
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The connexin subunit of gap junction channels is a tetraspan transmembrane protein.
Twenty-one connexin isoforms have been identified in the human genome, each with distinct
spatial and temporal expression patterns [7]. The RPE expresses connexin43 (Cx43) and
connexin46 (Cx46) [8]. Six connexins assemble into one connexon (hemichannel), while
two connexons from adjacent cells dock to form a gap junction channel – the gap junction
itself is an aggregate of such channels. Various heteromeric configurations of different
connexin proteins can assemble into connexon hemichannels, leading to gap junctions with
distinctive communication properties [8]. Tight junctions contain at least 40 proteins,[9]
some of which are transmembrane and mediate intercellular adhesion; whereas others are
intracellular scaffold proteins that link junctional components to the cytoskeleton. The
adhesive elements of adherens junctions are cadherin receptors that bridge the gap between
neighboring cell membranes through homophilic interactions. In adherens junctions,
catenins are the main scaffolding proteins that tether the mechanical junctions to the
cytoskeleton [10].
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Zonula occludens-1 (ZO-1) is a scaffolding protein common to all three junction types,
anchoring the junctional macromolecular complexes to cytoplasmic actin. ZO-1 belongs to
the family of membrane-associated guanylate kinase-like proteins (MAGUK) and
incorporates three PDZ domains: an SH3 domain, a GUK domain and a proline-rich domain
at the C-terminus [11]. The binding of Cx43 to the PDZ2 domain of ZO-1 regulates the size
and stability of gap junction channel aggregates [12, 13]. ZO-1 governs the cellular
distribution of Cx43, providing a control point for dynamic switching between gap
junctional communication and non-junctional (hemichannel) communication at the
perinexus – a specialized membrane domain at the periphery of gap junction channel
aggregates [13, 14]. ZO-1 disruption in a functional epithelial monolayer results in a loss of
barrier function and a reorganization of apical actin and myosin [15].
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AMD is associated with increased VEGF secretion, which is thought to play a role in the
pathologic angiogenesis accompanying the disease. However, VEGF was originally known
as vascular permeability factor as it was initially observed to increase microvascular
permeability and to promote accumulation of interstitial fluid [16]. Dahrouj and colleagues
have convincingly shown that subretinal fluid resorption is through the RPE; a process that
is impaired by VEGF [5]. VEGF is known to disrupt ZO-1 organization, resulting in tight
junction disassembly and increased monolayer permeability [17, 18]. Furthermore, in vitro
studies using endothelial cells show that VEGF-mediated disruption of gap junction
communication is correlated with changes in Cx43 phosphorylation [19].
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We have developed a synthetic peptide, containing a sequence that mimics the Cx43 Cterminal PDZ binding domain (17–25 amino acids), to target the interaction between Cx43
and ZO-1. αCT1 (Alpha Connexin carboxy-Terminal 1) peptide has a high bindingspecificity for the PDZ-2 domain of ZO-1 and competitively inhibits interaction of proteins
binding to this domain, with its binding partners, including Cx43 [12, 20, 21]. This
mechanism is different from other Cx43-based peptides (Cx43 mimetics) that are thought to
cause a reduction in Cx43 channel activity[22, 23] or that target the Cx43 microtubulebinding domain, which reduces hemichannel activity [24].
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Treatment with the αCT1 peptide has been shown to have beneficial effects on cardiac [25–
28], and cutaneous wound healing [29–33]. Importantly, topical αCT1 has been studied in
four clinical trials for in indications skin wound healing with no adverse reactions, including
no evidence of immune response by patients [33, 34]. Given that RPE cells are as dependent
on the normal function of intercellular junctions, as are heart and skin tissues, we sought to
test the effects of the peptide on ocular pathology involving the RPE. We hypothesized that
stabilizing RPE cell junctions by treating with αCT1 would reduce VEGF-dependent
pathology. We tested this hypothesis in two different mouse models: the laser-induced CNV
model that results in angiogenesis, as well as the Light-Damage Model which shows loss of
RPE cell integrity. Primary mouse RPE cells, ARPE-19 cells and MDCK cells were
employed in the in vitro studies of the mode-of-action of αCT1.
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RESULTS
Detection of αCT1 in RPE Cells
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αCT1 peptide was applied via corneal eye drop application (5 mM). To confirm that αCT1
reached its target via this route, we stained for Cx43 in murine flatmount preparations.
Given that the αCT1 is a peptide mimetic of the C-terminus of Cx43, we could compare the
difference in the Cx43 staining pattern between animals that were treated with either αCT1
or vehicle. As expected, vehicle control animals showed Cx43 staining mostly in clusters
along the lateral borders of RPE cells, representing Cx43 in gap junctions (Fig. 1B). In
comparison, flatmounts from animals that were given αCT1 eye drops showed significantly
more Cx43 staining both in gap junctions, as well as in the cytoplasmic compartment
corresponding to free Cx43 CT ligand in the form of αCT1 (Fig. 1D). No staining was
detected in no-primary-antibody controls (Fig. 1A), and αCT1-dependent staining could be
eliminated by primary antibody preabsorption with excess peptide (10×) (Fig. 1C). These
data were consistent with αCT1 applied to the cornea reaching the intended target tissue in
quantities detectable by immunohistochemistry.
αCT1 Peptide Decreases CNV Development and Loss of Visual Function
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CNV is known to be associated with an increase in the angiogenic factor VEGF in both
mouse and human RPE [35], and CNV is associated with both blood vessel growth and fluid
leakage induced by VEGF [36]. In order to investigate the effects of the αCT1 peptide on
CNV development in 3- to 4-month-old C57BL/6J mice, CNV lesions were induced by laser
photocoagulation of Bruch’s membrane (BrM). Area measurements of CNV lesion size (en
face images) (Fig. 2A–C) and area of fluid leakage (vertical section) (Fig. 2D–F) were
analyzed by spectral domain-optical coherence tomography (SD-OCT). SD-OCT has been
shown to allow for quantification of lesion size that correlated with ex vivo histological
findings [37]. Here, we confirmed the development of new blood vessels (angiogenesis) by
immunohistochemistry with FITC-labeled isolectin B4 (Fig. 2G, H) [38]. The peptide was
administered via eye drops (5 mM of αCT1; 10 µL per eye) and its efficacy was compared to
vehicle drops in four different treatment regimes. All animals were exposed to equal drug
treatment, though timing was varied in order to determine the optimal treatment window for
the drug. Treatment was either provided continuously (mice were treated once [in the pm]
for six days on days 1–6 or 4–9) (Fig.2J, L); during the early phase of the model (animals
were treated twice daily [in the am and pm] for three days on days 1–3) (Fig. 2I); or during
the growth phase of the lesion (animals were treated twice daily [in the am and pm] for three
days on days 4–6) (Fig. 2K). αCT1 was found to significantly reduce the growth of the CNV
lesion by around 25% (P <0.05) in both the 6-day continuous (Fig. 2J), as well as the 3-day
early administration group (Fig. 2I). However, no significance could be established for the
group that received treatment for 3-days late in the development of CNV (Fig. 2K), or those
that received the delayed 6-day continuous treatment (Fig. 2L). Importantly, αCT1 was
found to not only reduce the size of the fibrovascular scar (Fig. 2I–L left-hand column), but
also to significantly reduce fluid leakage into the subretinal space (Fig. 2I–L right-hand
column) by around 50% (P <0.05) in both the early 6-day continuous, as well as the 3-day
early administration groups. As seen for growth assessments, no significance could be
established regarding fluid leakage for the groups receiving αCT1 treatment for 3 days in
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late CNV or those receiving the delayed 6-day treatment. Finally, isolectin B4 staining of
RPE-choroid flatmounts confirmed that αCT1 treatment for 3 days in early CNV reduced
new blood vessel formation (Fig. 2G, H). Eyedrop application of αCT1 significantly
reduced CNV volume compared with PBS (relative size in percent: PBS 100 ±7.0 versus
αCT1 70 ±9.2; P < 0.05) with the magnitude (30%) being comparable to that obtained by
OCT measurements. These data together suggest that the αCT1 peptide is required during
the early phase of CNV to exert its effect on reducing fibrosis, angiogenesis and fluid
leakage.
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We have shown previously that CNV size correlates with loss of retinal function as
measured by Ganzfeld electroretinograms (ERGs) [35]. Retinal function was assessed by
recording dark-adapted ERG amplitudes. These readings allow for the analysis of the light
sensitivity of the rod photoreceptors (a-wave) and the sensitivity of the bipolar cells to the
cessation of glutamate-release from stimulated photoreceptors (b-wave). Vehicle- and
αCT1-treated animals (n=8 per group) were compared after completing the CNV study with
the early continuous treatment regimen. ERG measurements were made for 6 different light
intensities (−40, −30, −20, −10, −6 and 0 dB of attenuation) (data not shown). Using a t-test
for comparison at individual light intensities, αCT1-treated animals had significantly higher
amplitudes (~15–20%) at all intensities for both a- and b-waves, as compared to controls,
which was then confirmed using a repeated measure ANOVA over the different light
intensities for both a-and b-waves (P <0.001) (see supplementary material, Fig. S1).
αCT1 Peptide Maintains RPE Cell Integrity Around CNV Lesions
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CNV has at least three components; involving breakdown of the RPE, followed by
angiogenesis of the choroidal vasculature and fluid leakage from these newly formed
vessels. To test whether CNV size also correlated with RPE cell integrity, a subset of mice
(vehicle group and animals treated for 6 days with αCT1) were sacrificed 7 days after CNV
induction and the RPE/choroid was flatmounted. The flatmounts were histologically
analyzed for cell junction markers, ZO-1 (Fig. 3A, B) and Occludin (Fig. 3C, D). In all
animals, ZO-1 and Occludin staining revealed a halo of unhealthy RPE cells surrounding the
CNV lesion. Unhealthy was defined as cells having lost junctional markers and/or normal
hexagonal shape. The diameter of this halo (peri-lesion area) was significantly reduced (P
<0.05) by αCT1 for the two cell junction markers by ~30% (measured in microns; ZO-1:
control 105 ±9.2 versus αCT1 74 ±12.5; Occludin: control 96 ±13.8 versus αCT1 68.3
±10.7). In addition, cells stained for ZO-1 or Occludin within the peri-lesion area were
analyzed for eccentricity (assessing eccentricity of an ellipse; Fig. 3E) and form factor
(equals 1 for a perfectly circular object; Fig. 3F) (CellProfiler software) in 4 steps of 35 µm
(bins 1–4) and compared to those obtained from healthy RPE cells. Healthy RPE cells
exhibit a form factor of ~0.82 and an eccentricity value of ~0.65. RPE cells from animals
treated with the αCT1 peptide could be analyzed in all four bins, and exhibited form factor
and eccentricity values closer to normal in the 2nd bin (35–70 µm from the edge of the
lesions), whereas those treated with vehicle were so disrupted that they could not be
analyzed in the 1st bin, and were significantly worse (P >0.05) in the 2nd bin.
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It has been shown that hyper-activation of the retina via bright-light exposure leads to
photoreceptor cell death in mice due, in part, to increased VEGF-mediated RPE
permeability [39]. To investigate the effects of the αCT1 peptide on RPE cell integrity, RPE
damage was triggered using a light-damage model (3000 lux of white light for 3 hours) in
Balb/c mice. Cell morphology was determined via ZO-1 (Fig. 4A–C) and Occludin (Fig.
4D–F) immunohistochemistry in RPE flatmounts. Cell profiler software was used to
determine the tiling pattern of the RPE and its morphology for animals that were pretreated
with the αCT1 peptide (5 mM) compared to vehicle prior to bright light exposure (Table 1).
To determine the maximum effect of the αCT1 peptide in this model, peptide was given 3times, three hours (−3) and one hour (−1) prior to the start of light damage, as well as 15
minutes after completion of light exposure. Light damage reduced the number of cells with
ZO-1 staining (Table I, ZO-1) by ~30%, as evidenced by the significant drop in cell count (P
=0.004), number of neighbors (P =0.008), and the area covered (P =0.05), when compared to
no light damage. In addition, cellular morphology was altered as evidenced by significant
changes in form factor (P =0.017) and eccentricity (P =0.002). αCT1 treatment significantly
preserved RPE morphology (Fig. 4) and cell counts (Table 1). Similar results were obtained
when analyzing Occludin distribution by immunohistochemistry and image analysis (Table
1, occludin). To determine the treatment window for αCT1 application, animals were
divided into groups, administering only one dose of treatment at the following time points:
−4, −2, −1, +1, +4 and +6 hours with the zero time point representing light ON. RPE
flatmounts were analyzed using ZO-1 immunohistochemistry. Measurements were
significant (P <0.05) for most of the morphometric measures when animals were pre-treated
with αCT1 compared to vehicle, irrespective of the amount of pretreatment; yet none of the
factors reached significance when treatment was delayed, post-light onset (Table 2). These
results indicate that bright light triggers rapid damage in the RPE, which cannot be
prevented when treatment is delayed.
Effects of the αCT1 Peptide on Reduction of Barrier Function
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For mechanistic studies, we switched to assessing barrier function in ARPE-19 cells, a
human RPE cell line. ARPE-19 cells were chosen since when grown as monolayers they
express the signature genes of human RPE cells [40], and develop tight junctions and
resemble an aged RPE [41] over time. RPE cell health and monolayer integrity was
confirmed by immunohistochemistry for ZO-1, Occludin and β-actin, revealing the presence
of these junctional markers at cell-borders, actin filament distribution in the form of
circumferential bundles and ZO-1, actin filaments co-staining at the cell borders (Fig. 5A–
D). Results in ARPE-19 cells were verified in primary mouse RPE cultures. Transepithelial
resistance (TER) measurements are a standard assay of tight junction integrity [42]. VEGF
has previously been shown to alter tight junction structure and promote leakage in RPE
monolayers, resulting in a reduction of TER. This loss in VEGF-induced TER can be
prevented by co-administration of a VEGF-R2 receptor antagonist [42]. Here, we showed
that VEGF prompted a reduction in TER in a time-dependent manner in both ARPE-19 cells
(Fig. 5E) as well as in primary mouse RPE cells (Fig. 5F), which was ameliorated by preincubating the cells with αCT1. After having confirmed the primary premise in both
ARPE-19 cells as well as primary mouse RPE cells, the remainder of the pathway analysis
J Mol Med (Berl). Author manuscript; available in PMC 2018 May 01.
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was performed in ARPE-19 cells. Short-term incubation with αCT1 did not alter TER
significantly over the 4-hour time course of this experiment (Fig. 5E); however, growing
ARPE-19 cell monolayers in the presence of αCT1 during the timeframe from confluency
(day 0 in Fig. 5G) to the establishment of maximal TER (day 12 in Fig. 5G) demonstrated
that αCT1 aided in the time course of the establishment of barrier function (slope; control:
4.10 ±0.40 versus αCT1: 7.29 ±0.54; P <0.001), but did not raise TER above levels reached
in untreated controls.
Effects of the αCT1 Peptide In Vitro and In Vivo on Cx43 Channels
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The data presented thus far demonstrates that αCT1 inhibits VEGF-induced CNV growth in
vivo and VEGF-induced TER reduction in ARPE-19 cells in vitro, likely by effects on tight
junctional stability. However, since there is evidence that VEGF can also transiently disrupt
endothelial gap junction function [19], we sought to determine whether the mode-of-action
of αCT1 on RPE integrity might also involve modulation of gap junction channel activity.
To test this possibility, we added the gap junction blocker, 18 beta-glycyrrhetinic acid (GCA)
(0.1 mM), to the ARPE-19 TER assay (Fig. 5H) [43]. Administration of the gap junction
inhibitor alone had little effect on TER. Additionally, there was no significant difference in
TER between cells that received VEGF (10 ng/mL) only and wells where VEGF and 18-beta
GCA were added together. Addition of αCT1 peptide ameliorated the effects of VEGFmediated TER reduction, with or without 18-beta GCA, suggesting that the gap junction
channel blocker was not required for a TER protective effect.
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A further mechanism of connexin-dependent cell communication involves extra-cellular or
paracrine communication via unpaired connexon hemichannels [44]. Hemichannels allow
for communication between the intracellular compartment and the extracellular
environment. Signaling molecules released by hemichannels include ATP, which among its
other functions serves as an autocrine signaling ligand for purinergic receptors. Extracellular
ATP has been demonstrated to be important for calcium signaling activation, as well as in
regulating ion and fluid transport in the RPE [44, 45]. Rhett and colleagues showed that
αCT1 can recruit hemichannels into gap junctions, thereby indirectly reducing the pool of
hemichannels available for signaling [13]. If VEGF-treatment prompted the release of ATP
via hemichannels, then apyrase (1 U/mL), an ATP/ase and ADP/ase, should prevent VEGFinduced loss in TER [46]. However, apyrase, without or without VEGF, significantly (P
<0.05) reduced TER (Fig. 5I), suggesting that reduction in extracellular ATP, whether
resulting from Cx43 hemichannel inhibition or another mechanism, was unlikely to account
for αCT1-mediated maintenance of TER.
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To directly test whether or not hemichannels are involved in VEGF-induced loss of TER by
ARPE-19 cells, we used a novel selective blocker of these channels - JM2 [24]. As with
apyrase, JM2 was found not to affect the VEGF-induced loss in TER, but significantly (P
<0.002) reduced resistance when applied alone (Fig. 5J). This led us to conclude that
inhibition of hemichannel function in ARPE-19 cells resulted in destabilization of barrier
function. Indeed, we observed that hemichannel downregulation had the opposite effect of
what might be expected if increased activity of hemichannels accounted for TER loss by
ARPE-19 cells.
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Based on the results from ARPE-19 cultures, we surmised that JM2-mediated inhibition of
Cx43 hemichannels in our mouse CNV model should result in increased injury spread.
Consistent with its observed effect on ARPE-19 barrier function, JM2 increased, rather than
decreased, the size of the fibrovascular scar (Fig. 2C, M). There was also a significant (P
<0.05) increase in fluid leakage into the subretinal space (Fig. 2F, M) (control 13% vs JM2
21%) as assessed by spectral domain-optical coherence tomography. Taken together, the data
gathered both in vivo and in vitro indicated that connexin hemichannels were not likely
mechanistically involved in stabilization of barrier function by αCT1.
Effects of the αCT1 Peptide on Tight Junction-mediated TER independent of Cx43

Author Manuscript
Author Manuscript

Cx43 is well characterized as having both channel and non-channel dependent functions [47,
48]. In the previous section we provided evidence that the effects of aCT1 on TER were
unlikely to occur via Cx43 channel activity of any type. Nonetheless, RPE cells in vivo and
in primary culture in vitro express readily detectable levels of Cx43 [49, 50]. ARPE-19 cells
also express a notably elevated level of Cx43. To exclude any potential effect of Cx43
(channel independent or otherwise), we tested αCT1 effects on barrier function in MDCK
cells (Fig. 6), which not only are a well-studied model of tight junction dynamics [51], but
express no to almost non-detectable amounts of Cx43 [52]. Barrier function was tested using
two different techniques, transepithelial resistance measurements (Fig. 6A) and electric cellsubstrate impedance sensing (ECIS) assays (Fig. 6B) before and after EGTA (ethylene
glycol tetraacetic acid) treatment, a trigger that disassembles tight junctions in MDCK
monolayers [51]. Acute EGTA treatment (1.2 mM) significantly decreased barrier function
as measured by TER (P <0.01 vs. corresponding control). EGTA triggered a larger
percentage decrease in PBS- (73.6 ± 4.7%; n=6), as compared to αCT1-pre-treated cells
(28.0 ± 7.7%; n=6; P <0.01 vs. untreated cells). In analogy to the experiments, in which it
was shown that αCT1 accelerated the time course of the establishment of barrier function
(Fig. 5G), re-establishment of barrier function after calcium chelation was examined in
MDCK monolayers. After EGTA treatment (0.5 mM), which decreased barrier function as
measured by ECIS, physiological levels of calcium were restored by providing fresh
medium containing 1.8 mM CaCl2. Recovery of barrier function was significantly slower in
PBS-, as compared to αCT1-treated cells (P <0.05).
Taken together, αCT1 stabilized tight junctions in two independent models (ARPE-19 and
MDCK cell monolayers) triggered by two methods (VEGF and calcium-chelation), in a
manner that appears to be independent of Cx43 function.
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αCT1 is a clinically tested, peptide-based therapeutic that competitively blocks interactions
at the PDZ2 domain of ZO-1, thereby inhibiting ligands that selectively bind to this domain.
Here, we analyzed the effects of αCT1 in in vivo and in vitro models of VEGF-dependent
RPE damage. The main results of the in vivo components of this study were as follows: (a)
αCT1 delivered topically via eye drops accumulated in the RPE where it could be detected
by immunohistochemistry; (b) αCT1 significantly reduced laser-induced CNV when applied
during the initiation or trigger phase of CNV development, rather than during the growth
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phase; and (c) αCT1 significantly improved RPE morphology in vivo after bright-light
exposure, a stimulus that alters RPE morphology in a VEGF-dependent manner. The in vitro
RPE assays, together with the in vivo CNV mouse experiments, suggested a mode-of-action
that was separate from both Cx43 channel and non-channel dependent functions and
involved αCT1 prevention of VEGF-induced loss of transepithelial resistance, CNV growth
and RPE-cell damage via the stabilization of tight junctions. Taken together, our data
indicate that αCT1-mediated stabilization of tight junctions may serve as a new treatment
paradigm for both wet and dry AMD.
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The RPE is a barrier epithelium located between the retina and the choroid. This outer blood
retina barrier is essential to proper function of the eye, as the epithelial barrier supports
nutrient and solute transport, while preventing infiltration of cells (choroidal epithelial cells
or inflammatory cells) into the subretinal space. As such, the RPE is involved in maintaining
fluid balance within the retina and removing excess interstitial fluid [5]. Together with its
basement membrane, BrM, and the RPE cell plasma membranes, the primary cellular
determinants of the RPE barrier function are tight junctions between RPE cells in the
monolayer. RPE cell damage and concomitant loss of outer blood retina barrier are common
features in dry and wet AMD, as well as in the formation of macular edema, which
contributes to pathology in diabetic retinopathy. Outer blood retina barrier loss involves
inflammation, angiogenesis, and oxidative stress; and VEGF and other growth factors are
involved in mediating this loss of barrier function in the RPE, as well as angiogenesis and
choroidal neovascularization.
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We have identified and developed a novel peptide, αCT1. αCT1 is a soluble 25 amino acid
peptide (3597.33 MW) that has a compact 2-domain design based on linkage of an
antennapedia (a cellular membrane transport peptide) internalization domain (1–16 amino
acids; RQPKIWFPNRRKPWKK) to the C-terminal PDZ binding domain of Cx43 (17–25
amino acids; RPRPDDLEI). This Cx43 mimetic binds to its respective binding partners,
including the PDZ2 domain of ZO-1, an essential component of tight junctions, thereby
interfering with the target protein’s normal function(s).
In the current study, we were able to show translocation of the αCT1 peptide to the RPE
following topical corneal application. Compounds applied to the cornea are expected to
reach the posterior pole via the trans-scleral route [53] and biodistribution is affected by
potential binding to melanin, present in the RPE/choroid [54]. In ongoing work, we are
planning to comprehensively address the bioavailability of aCT1 administered via this ocular
route.
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To determine the therapeutic possibility of targeting tight junctions with αCT1 in the
treatment of ocular pathology, we chose two animal models that exhibit VEGF-dependent
RPE pathology: a mouse model of choroidal neovascularization (CNV), and a model of
light-induced RPE damage in Balb/c mice. In both models, anti-VEGF blocking strategies
have been shown to prevent or reduce pathology [39, 55]. Here, we demonstrated that the
αCT1 peptide significantly reduced CNV development when treatment was initiated at the
time of laser photocoagulation. The reduction of CNV development correlated with healthier
RPE cells found closer to the lesion site (peri-lesion area) in the αCT1-treated group
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compared to controls. A reduction in CNV development also correlated with improved
retinal function, as shown in the higher rod ERG a-and b-wave amplitudes elicited by mice
treated with the peptide. αCT1 also improved cell morphology in the light-damage model of
RPE barrier function loss. Similar to what was found with CNV, αCT1 significantly reduced
RPE damage when treatment was initiated prior to the onset of toxic levels of light exposure.
Taken together, these data indicate that αCT1 peptide preserves RPE structure and
presumably barrier function in these models of VEGF-induced ocular pathology.
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Our present understanding of the mechanism of αCT1 is based on its demonstrated ability to
modulate the interaction between Cx43 and its C-terminal binding partners, including ZO-1
[12, 13]. ZO-1 is a critical tight junction protein and regulates the cellular distribution of
Cx43, providing a control point for dynamic switching between gap junction communication
and non-junctional hemichannel communication [13, 14]. In order to determine a potential
mechanism in ameliorating disease of the RPE, we examined the effects of αCT1 on tight
junction integrity, in connection with Cx43-mediated gap- and hemichannel communication.
TER assays provide a simple measure of paracellular barrier integrity [42]; and TER
deteriorates in response to VEGF-mediated disassembly of tight junctions. TER assays on
ARPE-19 cells were conducted to determine whether αCT1 would prevent VEGF-mediated
TER breakdown. VEGF is known to induce tight junction permeability by trafficking
Occludin fragments away from the tight junction site, as well as by Occludin and ZO-1
phosphorylation [18, 56, 57]. In addition, VEGF transiently disrupts gap junction
communication in endothelial cells [19]. We found that 100 µM of αCT1, a concentration
shown to be biologically active in HeLa cells [12], prevented the loss of barrier function in
RPE cells that is induced by 10 ng VEGF. However, ARPE-19 cells express, some but not all
tight junction proteins, notably ZO-1 and Occludin, but apparently do not express claudin
(human RPE cells predominantly express claudin-19), and exhibit lower TER development
than their in vivo counterparts [58]. We therefore confirmed the effects of αCT1 on barrier
function in two ways, in primary mouse RPE cells, as well an independent model, calciumchelation-induced tight junction disassembly in MDCK cells. Mouse RPE cells have been
shown to express claudins 1 and 3 [59] and develop TER in culture [60]. And the results on
MDCK cells not only provided an additional independent and well-studied model to
examine tight junction dynamics [40], but more importantly, these cells express almost nondetectable levels of Cx43 [41]. As such, αCT1 effects on tight junction integrity and barrier
function in this model likely occurred independent of its effects on Cx43 activity.
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Further evidence that αCT1 mediated effects were not dependent on Cx43 function in the
models of RPE pathology came from experiments in which gap junction channel function
was targeted directly. Blocking intercellular communication via the gap junction inhibitor,
18-beta GCA, had little effect on barrier function in TER assays, and 18-beta GCA did not
modify the response to VEGF. However, αCT1 still inhibited TER loss when VEGF and 18beta GCA were coadministered- suggesting that gap junctions were not involved in the
effects of αCT1 on barrier function. Another mechanism by which αCT1 could stabilize
RPE barrier function is via Cx43 hemichannel activity. ATP is one of the most abundant
extracellular signaling molecules and plays a pivotal role in intercellular communication via
autocrine and paracrine signaling, and its release, in part, is mediated by hemichannels [46].
ATP has been shown to both increase and decrease endothelial barrier function, based on
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whether the response is mediated by ATP or its metabolite, adenosine [61]. Furthermore,
there is evidence that the release of ATP can promote wound healing in epithelial cells [62].
The latter might be the reason why disrupting ATP communication via the ATP
diphosphohydrolase apyrase or by reducing hemichannel activity using JM2, resulted in a
significant decrease in TER when added to monolayers. If the VEGF effects on TER did
involve Cx43 hemichannel-mediated ATP release, co-administering VEGF and apyrase or
VEGF and JM2 should have altered the degree of change produced by VEGF alone.
However, adding apyrase, together with VEGF, or JM2 with VEGF showed no greater TER
reduction than adding VEGF alone. Furthermore, addition of αCT1 in these assays showed
no additional protective effect, again suggesting that Cx43 channel activity was not likely
involved in the paradigm understudy here.
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Finally, αCT1 when applied during the maturation phase of the RPE monolayer, or during
the recovery phase after calcium chelation in the MDCK monolayer, the peptide accelerated
barrier formation, a response known to be accounted for by time-dependent increases in tight
junction assembly and stability [63, 64]. And importantly, in vivo treatment of CNV animals
with JM2 eyedrops, significantly increased CNV area, as well as the area of fluid
accumulation, as compared to PBS controls. Together, these data suggest αCT1 stabilizes
barrier function by preventing the disassembly of tight junctions by a mechanism that is
independent of gap-junction channel or hemichannel function [12]. While we have only
tested the effects of αCT1 on barrier function in epithelial cells (RPE and kidney), we
expect similar effects on endothelial cells of the choroid, contributing to the reduction in
fluid leakage from newly formed vessels in CNV.
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It is predicted that αCT1 has direct effects on tight junction stability based on its design as a
Cx43 mimetic. The C-terminus of Cx43 and related connexins are the only proteinaceous
PDZ-binding ligands known to interact with the ZO-1 PDZ2 domain. For example, a phage
display-based search for PDZ2 ligands was unable to identify further interacting peptides
[65]. However, the PDZ2 domain does mediate homomeric interactions with other PDZ2
domains, enabling the formation of domain-swapped ZO-1 homodimers [66]. ZO-1
dimerization promotes claudin polymerization, and increases tight junction formation and
stability in vivo [66–68]. Domain-swapped PDZ2 dimerization also promotes high affinity
binding of the Cx43 C-terminus to ZO-1 [69]. Endogenous Cx43 C-termini are not thought
to interact directly with the macromolecular complexes forming tight junctions. However,
the presence of free Cx43 C-termini in the form αCT1 could provide for ligand-based
stabilization of ZO-1 homodimers – via αCT1 interaction within the binding pocket
generated by PDZ2-PDZ2 dimeric interaction. In future work, it will be interesting to test
the hypothesis that αCT1 stabilizes tight junctions by enhancing the stability of the ZO-1containing quaternary complexes known to enhance tight junction formation and
maintenance.
An additional potential mechanism that warrants investigation is based on observations that
at the tissue level, αCT1 treatment is associated with reduction in pro-inflammatory
cytokines and decreased inflammatory responses [70–72]. In AMD, this mode-of-action may
mediate responses elicited from RPE cells, or inflammatory cells such as Mueller cells,
astrocytes and glial cells as well as invading leukocytes, all of which express Cx43.
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Inflammation has been shown to contribute to CNV lesion size and fluid leakage in AMD
[73]. Likewise, a chemokine-mediated inflammatory response has been shown after lightdamage, involving RPE cells, Mueller cells and activated microglia [74]. In addition, it has
been reported that Cx43 expression in the choroid co-localizes with markers of oxidative
stress and inflammation [75]. And finally, the effects on tight junction stability may occur
indirectly, by the well-characterized anti-inflammatory effect of αCT1 (inflammation causes
tight junction disassembly) [76–78], These additional mechanisms will be investigated in
future studies; although the dynamic range of the animal models may not allow for an
assignment of relative contributions between the different mechanisms.
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The most widely used treatment for wet AMD is administration of anti-VEGF antibodies intraocular injection of this treatment being necessary owing to the inability of antibodies to
penetrate the immune-privileged interior of the eyeball. This treatment has improved the
standard of care for AMD, however, it widely recognized that anti-VEGF is far from ideal.
Altered VEGF homeostasis and/or anti-VEGF treatment have been linked to RPE pathology
and geotrophic atrophy (GA) of the retina. One recent study reported a decrease in plasma
levels of PEDF, the main antiangiogenic factor, in patients with dry AMD [79]; and
importantly, conversion of wet to dry AMD in patients receiving anti-VEGF therapy is seen
frequently [80].
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RPE cells have been shown to take up anti-VEGF drugs, affecting VEGF metabolism both
intra-and extracellulary [81], and in mice, ablation of VEGF in RPE cells only, was found to
lead to vision loss and ablation of the choriocapillaris [82]; together reinforcing the
importance of VEGF for normal ocular health and function. Hence, it is paramount to
develop alternate strategies that provide a therapeutic balance between drying out wet AMD
and stabilizing the RPE.
Here, we show that αCT1 peptide can be administered as topical eyedrops, without the need
for intraocular injection, and that this treatment reduced VEGF-induced pathology in two in
vivo mouse models, with effects including fibrosis and angiogenesis reduction, as well as
decreasing sub-retinal fluid accumulation and loss of RPE structure. Targeting tight junction
stability via topical αCT1 may serve as a promising new treatment paradigm for both wet
and dry AMD, as well as other retinal diseases in which the RPE barrier is affected, either as
monotherapy, or in combination with existing therapeutics.

METHODS
Animals
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Albino Balb/c mice were generated from breeding pairs obtained from Harlan Laboratories
to be able to maintain control over light-exposure history. Pigmented C57BL/6J mice were
based on Jackson Laboratory breeding colonies. The animals were housed in the Medical
University of South Carolina animal care facility under a 12-hour light / 12-hour dark cycle
with access to food and water ad libitum. All experiments were conducted in accordance
with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and
were approved by the Medical University of South Carolina Institutional Animal Care and
Use Committee.
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For in vivo studies, the αCT1 peptide (FirstString Research, Inc., Mount Pleasant, SC) or the
JM2 peptide (amino acids 231–245 [VFFKGVKDRVKGRSD]; synthesized at American
Peptide Company; Sunnyvale, CA) [24] was administered via eye drops (5 mM; 10 µL per
eye) formulated in a 0.05% Brij-78 and 0.9% NaCl solution. The control group received the
vehicle solution. The treatment schedule varied for individual experiments. Cell culture
experiments were performed with 30–100 µM αCT1, diluted in sterile water. A one-hour
pre-incubation period of αCT1 was employed for all in vitro experiments.
Laser-Induced CNV and Treatment Schedule
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To induce CNV lesions, 3- to 4-month-old C57BL/6J mice were anesthetized (xylazine and
ketamine, 20 and 80 mg/kg, respectively) as previously described [35]. Mouse pupils were
dilated using 2.5% phenylephrine HCL and 1% atropine sulfate. In order to avoid cataract
formation, mice were treated with Goniovisc (HUB Pharmaceuticals, Rancho Cucamonga,
CA) before and after laser treatment. Laser photocoagulation was induced via a 532 nm
Argon laser (100 µM spot size, 0.1 s duration, 100 mW), in which 4 equidistant laser lesions
were produced surrounding the optic nerve. The formation of a bubble at the site of
photocoagulation indicated the desired rupture of the Bruch’s membrane [83].
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Three αCT1 peptide treatment regimens were employed for CNV studies in order to
establish the treatment window of the drug. For the early administration model, mice were
treated twice each day (am and pm) for the first three days post laser photocoagulation. In
the continuous treatment paradigm, the animals were only given eye drops once each day for
6 days. For the late administration model, the effects of the αCT1 peptide were investigated
when treating the animals twice daily (am and pm) during the last three days of the CNV
study. Finally, the continuous treatment paradigm was repeated with the animals receiving
eye drops once each day for 6 days starting on day 4 to determine whether progression could
be slowed as shown previously with a different inhibitor [38]. Thus, all four treatment
regimens resulted in equal drug exposure. As a control, a connexin43 peptide known to
target hemi-channel formation rather than tight junction stabilization (JM2) was applied
using the early administration paradigm. Animals were euthanized after the OCT analysis in
order to obtain RPE/choroid samples for the immunofluorescence studies (see
Immunofluorescence Staining).
Assessment of CNV Lesions by OCT and Immunohistochemistry
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CNV size was determined using optical coherent tomography (OCT) [84]. OCT was
performed using an SD-OCT system (Bioptigen Inc., Durham, NC), with scan parameters
set to 1.6 × 1.6 mm rectangular volume scans, consisting of 100 B-scans (1000 A-scans per
B scan). Mice were anesthetized and pupils were dilated as described above. Using the
Bioptigen SD-OCT system, the center of the lesion was determined by identifying the
midline of the RPE/Bruch’s membrane rupture [84], and Image J software (http://
imagej.nih.gov/ij/) was used to measure the cross-sectional area of the hyporeflective spot
seen in the fundus image (en face) as well as the area of fluid accumulation in the outer
retina (cross-sectional view).
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Angiogenesis was determined in flat-mount preparations of RPE-choroid stained with
isolectin B, which binds to terminal β-D-galactose residues on endothelial cells and
selectively labels the murine vasculature) [85]. Immunohistochemistry, confocal microscopy
and volume measurements were performed as described previously [38]. In short, eyes were
collected and immersion-fixed in 4% paraformaldehyde and eyecups prepared. Standard
immunohistochemistry was performed, using FITC-labeled Isolectin B (1:100 of 1 mg/mL
solution; Sigma-Aldrich, St. Louis, MO). Flattened eyecups were coverslipped
(Fluoromount; Southern Biotechnology Associates, Inc., Birmingham, AL), and examined
by confocal microscopy (Leica TCS SP2 AOBS, Leica Bannockburn, IL). Z-stacks of
images at 2 µm steps were collected through the entire depth of the CNV lesion at a single
laser intensity setting for all experiments. For each slice through a lesion (i.e., region of
interest) the overall fluorescence was determined to obtain pixel intensity against depth,
from which the area under the curve. Individual CNV lesions were also photographed using
a microscope (Zeiss, Thornwood, New York) equipped for fluorescence and digital
microscopy (Spot camera; Diagnostic Instruments, Sterling Heights, MI).
Electroretinography
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Electroretinography (ERG) recordings were performed as previously described [86, 87]. In
short, C57BL/6J mice were dark-adapted overnight and anesthetized with xylazine and
ketamine (20 and 80 mg/kg, respectively). Pupils were dilated with phenylephrine HCL
(2.5%) and atropine (1%). ERGs were recorded with the UTAS-2000 (LKC Technologies,
Inc., Gaithersburg, MD) system, using a Grass strobe-flash stimulus. Stimuli consisted of 10
µs single-flashes at a fixed intensity (2.48 cd*s/m2) under scotopic conditions. ERG
measurements were performed before (baseline ERG) laser photocoagulation, and
afterwards on day 6. A-wave amplitudes were measured from baseline to the a-wave trough,
whereas b-wave amplitudes were measured from the a-wave trough to the peak of the bwave.
Bright Light Exposure Protocol and Treatment Schedule
Six-week-old Balb/c mice were exposed to bright light for 3 hours using 3000 lux after 12
hours of dark adaptation [88]. The light exposure box was wrapped in aluminum foil to
increase reflectivity. Mouse pupils were dilated using 2.5% phenylephrine HCL and 1%
atropine sulfate 15 minutes prior to the exposure of bright light.
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Different treatment groups were established. To establish proof of principle, animals
received αCT1 eye drops (5 mM, see αCT1 Peptide Treatment) three hours and one hour
prior to the start of light damage, as well as 15 minutes after completion of light exposure.
The control group was given vehicle drops at the same time points. For comparison, one
group of animals did not receive any bright-light exposure. To establish the therapeutic
window for αCT1, 6 additional groups of mice were treated 4, 2, and 1 hour prior to brightlight exposure, as well as 1, 4 and 6 hours post bright-light exposure. All animals were
euthanized 24 hours post light damage in order to collect RPE/choroid flatmounts. RPE cells
were stained (see Immunofluorescence Staining) with ZO-1 and occludin for morphometric
analysis via the cell profiler software (cellprofiler.com).
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Eyes were collected and lens, anterior chamber, and retinas were removed rapidly [35].
Eyecups were immersion-fixed in 4% paraformaldehyde (PFA) overnight at 4°C. After
extensive washing, eyecups were either incubated in antibodies recognizing ZO-1 (1:200;
Cat# 61–7300, Invitrogen, Carlsbad, CA), occludin (1:200; Cat# 71–1500, Invitrogen) or
connexin43 (1:300; Cat# C6219, Sigma Aldrich, St. Louis, MO) in blocking solution (10%
normal goat serum, and 0.4% Triton-X in tris-buffered saline). All the before-mentioned
antibodies are rabbit polyclonal; thus, Alexa Fluor 488 goat-anti-rabbit (1:500; Cat#
A-11008, Invitrogen) was used as the secondary antibody. Following extensive washing,
eyecups were flattened using four relaxing cuts and cover-slipped using Fluoromount
(Southern Biotechnology Associates, Inc., Birmingham, AL). For some experiments,
connexin43 antibody was preabsorbed with 10× molar excess of αCT1 peptide. Staining
was also performed on ARPE-19 cells that were grown on Transwell® filters (3450, Costar;
Sigma Aldrich). All immunohistochemistry experiments included a no-primary antibody
control. To analyze the monolayers, cells were fixed in 4% PFA at room temperature for 10
minutes. The same protocol and agents were employed for the cells as described for the ex
vivo studies. In addition, cells were stained with Alexa Flour 647 phalloidin according to the
manufacture’s recommendations (Cat# 8940S, Cell Signaling Technology, Danvers, MA).
Staining of cells and flatmounts was examined via fluorescence microscopy (Zeiss,
Thornwood, NY) equipped with a digital black-and-white camera (Spot camera; Diagnostic
Instruments, Sterling Heights, MI).
Assessment of RPE morphology
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Images of flatmounts were imported as TIF files into CellProfiler v2.1.1 for analysis (http://
www.cellprofiler.org/). For each comparison, images of equal size and exposure time were
analyzed, using a customizable script. The pipeline “neighboring cells” was used. For each
image, we obtained cell count (number of cells present), form factor (equals 1 for a perfectly
circular object), eccentricity (measures the degree to which an object represents an ellipse,
and varies between 0 and 1), number of neighbors (a perfect hexagonal RPE cell has 6
neighbors), perimeter (the total length of the perimeter of all the RPE cells present in the
image), and the total area covered by the RPE cells (determines the degree of loss of cells).
The tiling patterns of RPE cells in the peri-lesion area surrounding the CNV lesions were
analyzed in 35×75 µm (depth by width) bins. Results were exported into Excel for statistical
analysis.
Cell Cultures
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ARPE-19 cells, a human RPE cell line, was expanded in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen) with 10% fetal bovine serum and antibiotics as previously
described [89]. These cells generate a polarized RPE cell monolayer when plated on
Transwell® filters based on the following criteria: polarized secretion of VEGF [90],
polarized expression of VEGF-R2 receptors (35) and hence polarized susceptibility to
compounds that trigger VEGF-secretion [42, 90], polarized expression of complement
inhibitors [90], and the presence of circumferential actin bundles (see Fig. 5A).
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Primary mouse RPE cells were prepared following our published protocol [60] with
modifications [91]. Pups (10 days old) were sacrificed by decapitation. Eyes were removed,
washed in HBSS without Ca+2 or Mg+2 with 10 mM HEPES and placed in growth medium
(GM) containing MEM-A supplemented with 1× Glutamax, 1× penicillin/streptomycin, 1×
MEM nonessential amino acids, 20 µg/l hydrocortisone, 250 mg/l taurine, 0.013 µg/L
triiodo-thyronin + 10% FBS. Eyes (batches of 10) were incubated in 5 mL of dispase II (45
min at 37°C), followed by quenching in GM. Posterior eyecups were dissected and
incubated in GM for 20 min at 37°C, which facilitates the removal of the neural retina. Intact
sheets of RPE were then peeled-off, washed with GM (3×) followed by Ca2+- and Mg2+-free
Hanks’ balanced salt solution. RPE sheets were triturated using a serological pipette, and
cells sedimented by centrifugation (2 min at 300g). The cells were resuspended in 1 mL
0.05% trypsin EDTA to break down remaining clumps of tissue (37°C for 1 min), followed
by enzyme quenching in GM and sedimentation. The cells were resuspended in 4.5 mL GM
and 0.5 mL was plated on each transwell (12-well) for final experiments (equivalent to ~2
eyes per well).
MDCK cells were obtained from ATCC (American Type Culture Collection, Manassas, VA)
and grown on permeable Transwell® filters in DMEM supplemented with 10% FBS, and 1%
PenStrep (5000 U/mL). MDCK cells are a well-studied model of tight and adherence
junction dynamics [51], in which surface polarity develops concomitantly with the
development of TER [64].
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For TER measurements, ARPE-19, primary RPE cells or MDCK cells were grown on
permeable membrane inserts in the presence of media with 10% fetal bovine serum and
antibiotics. After cells became confluent, serum was reduced to 2% and monolayers were
grown for another ~2–3 weeks. Cells were exposed to serum-free media the last two days
prior to the measurements. Barrier function requires a stable TER, where high TER is
indicative of the robust RPE [42] or MDCK [64] barrier properties afforded by tight
junctions. TER was monitored with an epithelial volt-ohm meter (World Precision
Instruments, Sarasota, FL) equipped with an STX2 electrode. Measurements using this
electrode are very reliable, with percent errors of <5% between repeat measures. Maximal
TER values are reached within 2–3 weeks after cells reach confluency. The TER value for
cell monolayers was determined by subtracting the TER for filters without cells. Agents
used for the TER assays were VEGF165 (Cat# SRP4363; Sigma Aldrich), EGTA, 18-beta
glycyrrhetinic acid (Cat# G10105, Sigma Aldrich), apyrase (Cat# M0398S; New England
Biolabs, Ispwich, MA), αCT1, and the connexin 43 hemichannel blocker, JM2 [24].
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For impedance measurements, 105 MDCK cells were plated into each well of an 8-well 10E
+ ECIS (Electric Cell-substrate Impedance Sensing) dish, and impedance measured over
frequencies ranging from 62.5 Hz to 64 kHz every 80 seconds using the ECIS system (Ididi;
Madison WI). Barrier function was quantified as the real component of the impedance at
frequencies below 2.5 kHz [92, 93]. In short, cells were allowed to proliferate overnight
before treatment with 0.5 mM EGTA. Calcium chelation by addition of EGTA is an accepted
model to study the dynamics of tight junctions and has been shown to reliably induce their
disassembly [51]. After 40 minutes, physiological levels of calcium were restored by
providing fresh medium containing 1.8 mM CaCl2, and recovery of impedance was
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investigated in the presence of 100 µM αCT1 or vehicle (PBS) by continued ECIS
measurements. The ratio of barrier function following αCT1 treatment to the minimum
barrier function in response to EGTA treatment was calculated as an index of the effects of
αCT1.
Statistical Analysis
Data are presented as mean ± SEM or mean ± SD as indicated. Single comparisons were
analyzed by t-test analysis, accepting a significance level of P <0.05. Repeated ANOVA
measurements were conducted for ERG and time-course TER studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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KEY MESSAGES
•

The connexin43 mimetic αCT1 accumulates in the mouse retinal pigment
epithelium following topical delivery via eye drops.

•

αCT1 eye drops prevented RPE-cell barrier dysfunction in two mouse
models.

•

αCT1 stabilizes intercellular tight junctions.

•

Stabilization of cellular junctions via αCT1 may serve as a novel therapeutic
approach for both wet and dry age-related macular degeneration.
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Figure 1. αCT1 detection in murine RPE flatmounts

Author Manuscript

The αCT1 peptide has an amino acid sequence that is a mimetic of the Cx43 C-terminal
sequence. Thus, the peptide can be detected via a Cx43 antibody that recognizes the Cterminal domain. The eyes of the mouse that received the peptide were enucleated 4 hours
after eye drop administration and stained for Cx43. The αCT1 peptide could be clearly
detected in the animal that received the treatment drops (D), when compared to vehicletreated animals (B). No primary antibody (A) and antibody preabsorption with 10× molar
excess of peptide (C) were used as controls. Scale bar: 50 µm.
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Figure 2. Choroidal neovascularization and fluid leakage in αCT1- versus vehicle-treated mice

Animals were analyzed post laser-photocoagulation by SD-OCT. The cross-sectional area of
the hyporeflective spot seen in the fundus image (A–C) as well as the area of fluid
accumulation in the outer retina (D–F) were determined and representative OCT images
taken from the vehicle (A, D), αCT1-treated (B, E) and JM2-treated animals (C, F) are
depicted. CNV area and fluid accumulation were determined from SD-OCT images.
Quantifications of the cross-sectional areas of the lesions (I–M, left-hand column) as well
as areas of fluid accumulation (I–M, right-hand column) were measured in pixels for the
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individual treatment groups. CNV size and area of fluid accumulation in αCT1-treated
animals was significantly reduced, compared to the vehicle group for the continuous (J) and
early (I) treatment paradigms. No significance was noted between the vehicle and the two
groups for the late αCT1 treatment study (K, L). Angiogenesis was confirmed in flat-mount
preparations of RPE-choroid stained with isolectin B, with αCT1significantly reducing the
size of the lesion (H) when compared to control (G). (K) JM2-treatment, a Cx43 peptide
that includes the microtubule-binding sequence and targets hemichannels, resulted in an
increase in CNV size and area of fluid accumulation. Data are expressed as mean ± SEM (n
= 7–23 animals per treatment group). Scale bar: 100 pixels or 160 µm.
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Figure 3. RPE integrity in αCT1 compared to vehicle-treated mice

On day 6 after the induction of CNV, eyes were enucleated and RPE/choroid eyecups were
stained for two different cell junction markers, ZO-1 (A, B) and occludin (C, D).
Representative images for each cell junction marker are presented, depicting the differences
in the diameter of unhealthy cells (peri-lesion area) surrounding the lesion (LES) in the
control group compared to the αCT1-treated animals. Morphometric analyses were obtained
from images as depicted in Figure 2, comparing two measures of RPE cell shape, cell
eccentricity (E) and form factor (F) in 4 steps of 35 µm each (bins 1–4) for both ZO-1 (left-
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hand column) and occludin (right-hand column). Cell eccentricity measures the deviation
of a shape from an ellipse; form factor measures the deviation from a perfect circle. RPE
cells from C57BL/6J mice exhibit a form factor of ~0.82 and an eccentricity value of ~0.65.
RPE cells from animals treated with the αCT1 peptide exhibited form factor and eccentricity
values closer to normal, closer to the edge of the lesions when compared to mice treated
with vehicle. Data are expressed as mean ± SEM (n = 7–8 animals per cell junction marker).
Scale bar: 50 µm.
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Figure 4. RPE morphology following light-damage
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Balb/c mice were exposed to bright light (3000 lux) for 3 hours, sacrificed and eyes
enucleated after 24 hours. RPE morphology was analyzed by immunohistochemistry for
ZO-1 (A–C) and occludin (D–F) on RPE/choroid flatmounts from the respective treatment
groups, no light damage controls (A, D), light damage treated with vehicle (B, E) and light
damage treated with αCT1 peptide (C, F). Scale bar: 50 µm.
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Figure 5. Effects of αCT1 on VEGF-mediated loss in barrier function; analysis of mechanism of
action

Author Manuscript

ARPE-19 and primary mouse RPE cells were grown on Transwell plates for >3 weeks after
which they formed a monolayer with stable transepithelial resistance (TER). TER was
measured via a volt-ohm meter with an STX2 electrode. The integrity of the monolayer was
confirmed in ARPE-19 cells, demonstrating the presence of β-actin filament distribution in
the form of circumferential bundles (A), cell-junction markers at the cell-borders, ZO-1 (B)
and occludin (C), and co-labeling of ZO-1 and phalloidin (D). (E) In ARPE-19 cells, VEGF
(10 ng/mL) significantly (P <0.05) reduced TER by 2 and 4 hours post-application.
Pretreatment with 100 µM αCT1 ameliorated the drop in TER at both time points. αCT1
alone had no effect over the four hour time course. (F) The protective effect of αCT1 was
confirmed in RPE monolayers derived from mouse. (G) Treatment of the ARPE-19 cell
monolayers for 12 days starting at confluency (day 0) resulted in higher TER levels in the
αCT1 when compared to the control group (P =0.03), reaching maximal TER levels 4 days
earlier (indicated by the slope). (H) The gap-junction blocker, 18-β-GCA (0.1 mM), did not
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reduce the protective effect of αCT in ARPE-19 cells, neither did two modulators of
hemichannels, apyrase and JM2 as shown by TER measurements at the 4 hour time point (I,
J). Data are expressed as mean ± SD for ARPE-19 cells, mean ± SEM for primary mouse
RPE cells (n = 3 per treatment group). Scale bar: 50 µm.
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Figure 6. Effects of αCT1 on calcium-chelation-mediated loss in barrier function of MDCK cells

Barrier function was measured in MDCK cells in response to calcium chelation during the
damage phase (transepithelial resistance measurements [TER] using a volt-ohm meter with
an STX2 electrode) or during the recovery phase (Electric Cell-Substrate Impedance
Sensing [ECIS] system). (A) MDCK cells were grown in Transwell plates for >3 weeks to
measure barrier function by TER. Measurements were obtained at baseline and 20 and 40
minutes after the addition of 1.2 mM EGTA in αCT1-pretreated (30 µM) and untreated cells.
EGTA treatment decreased barrier function within 20 minutes; but significantly less so in the

J Mol Med (Berl). Author manuscript; available in PMC 2018 May 01.

Obert et al.

Page 33

Author Manuscript

αCT1 group. Data are expressed as mean ± SEM (n = 6 per treatment group). (B) MDCK
cells grown in 8W10E+ ECIS dishes were used to measure barrier function using an ECIS
system. Impedence was measured at baseline, after the addition of 0.5 mM EGTA and
during the recovery phase upon restoration of physiological levels of calcium, in αCT1- and
untreated cells. Calcium chelation significantly decreased barrier function, which recovered
upon re-addition of calcium. Revovery of impendance was expressed as the rate of barrier
function following EGTA treatment to the mean barrier function at 1 hour after αCT1 or
vehicle treatment (C). Recovery was significantly accelerated in αCT1- when compared to
un-treated cells Data are expressed as mean ± SEM (n = 6–8 per treatment group).
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Morphometric analyses to quantify changes in retinal pigment epithelium cells in ZO-1- and Occludin-stained
images using CellProfiler

Author Manuscript

no LD

LD Vehicle

LD αCT1

Cell count

60 ±2

44 ±5*

56 ±3

Form factor

0.82 ±0.02

0.76 ±0.04*

0.79 ±0.03

Eccentricity

0.64 ±0.01

0.69 ±0.02*

0.65 ±0.01

Number of neighbors

5.7 ±0.8

4.3 ±1.3*

5.4 ±1.1

Perimeter

79 ±4

52 ±8*

71 ±6

Area covered

96 ±9

62 ±13*

93 ±10

Cell count

63 ±3

48 ±7*

59 ±2

Form factor

0.79 ±0.02

0.71 ±0.03*

0.77 ±0.04

Eccentricity

0.62 ±0.01

0.68 ±0.02*

0.64 ±0.02

Number of neighbors

5.8 ±0.7

4.1 ±0.9*

5.6 ±0.8

Perimeter

76 ±6

49 ±12*

69 ±8

Area covered (%)

95 ±7

64 ±9*

91 ±8

Mean values of:

ZO1

Occludin

Measurements were significant (* P <0.05) between the no light damage controls (no LD) and the light-damaged PBS-treated animals (LD vehicle)
for all morphometric factors analyzed. No significance in morphometric measurements were identified between light-exposed animals that were
treated with αCT1 (LD αCT1) and subjects that were never exposed to bright light (no LD, control).
LD, light damage; vehicle, phosphate-buffered saline; αCT1, connexin-based peptide mimetic
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Author Manuscript

Author Manuscript

Author Manuscript

62 ±3

0.81 ±0.02

0.63 ±0.01

5.8 ±0.7

76 ±4

97 ±6

Cell Count

Form Factor

Eccentricity

Number of
Neighbors

Perimeter

Area
Covered (%)
64 ±8

53 ±6

4.3 ±0.6

0.71 ±0.01

0.75 ±0.02

42 ±5

LD vehicle

92 ±2*

88 ±4*

72 ±5*

0.67 ±0.03*

0.66 ±0.1*

69 ±4*

0.78 ±0.02*

0.79 ±0.01*

5.3 ±0.7*

54 ±5

57 ±2*

5.2 ±1.2

LD αCT1
(−2 hour)

LD αCT1
(−4 hour)

91 ±3*

73 ±5*

5.4 ±1.3*

0.65 ±0.01*

0.77 ±0.03

50 ±4

LD αCT1
(−1 hour)

73 ±11

65 ±8

4.7 ±0.8

0.69 ±0.03

0.75 ±0.02

52 ±3

LD αCT1
(+1 hour)

60 ±10

51 ±11

4.5 ±0.9

0.7 ±0.02

0.76 ±0.03

46 ±4

LD αCT1
(+4 and +6
hours)

LD, light damage; vehicle, phosphate-buffered saline; αCT1, connexin-based peptide mimetic

Animals were treated at the indicated times (−4, −2, −1, +1, +4 and +6 hours) with zero representing the time of Light ON. Protection was identified (i.e, measurements were significant; * P <0.05) for the
majority of morphometric factors analyzed for the treatment groups that initiated treatment prior to the onset of light damage.

no LD

Mean
values of:

Morphometric analysis to quantify changes in retinal pigment epithelium cells in ZO-1-stained images using CellProfiler to determine the therapeutic
window for αCT1.
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