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Abstract The cis benzopyran compound tonabersat (SB-
220453) has previously been reported to inhibit connexin26
expression in the brain by attenuating the p38-mitogen-
activated protein kinase pathway. We show here that tonabersat
directly inhibits connexin43 hemichannel opening. Connexin43
hemichannels have been called Bpathological pores^ based up-
on their role in secondary lesion spread, edema, inflammation,
and neuronal loss following central nervous system injuries, as
well as in chronic inflammatory disease. Both connexin43 he-
michannels and pannexin channels released adenosine triphos-
phate (ATP) during ischemia in an in vitro ischemia model, but
only connexin43 hemichannels contributed to ATP release dur-
ing reperfusion. Tonabersat inhibited connexin43 hemichannel-

mediated ATP release during both ischemia and reperfusion
phases, with direct channel block confirmed using electrophys-
iology. Tonabersat also reduced connexin43 gap junction cou-
pling in vitro, but only at higher concentrations, with junctional
plaques internalized and degraded via the lysosomal pathway.
Systemic delivery of tonabersat in a rat bright-light retinal dam-
age model (a model for dry age-related macular degeneration)
resulted in significantly improved functional outcomes assessed
using electroretinography. Tonabersat also prevented thinning
of the retina, especially the outer nuclear layer and choroid,
assessed using optical coherence tomography.We conclude that
tonabersat, already given orally to over 1000 humans in clinical
trials (as a potential treatment for, and prophylactic treatment of,
migraine because it was thought to inhibit cortical spreading
depression), is a connexin hemichannel inhibitor and may have
the potential to be a novel treatment of central nervous system
injury and chronic neuroinflammatory disease.
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Introduction

Tonabersat (SB-220453), a novel cis benzopyran derivative,
was selected for its efficacy against neuronal hyperexcitability
and neurogenic inflammation in a structure–function study of
antimigraine compounds [1]. Tonabersat was said to prevent
the activation of nitric oxide and elevation of cyclic guanosine
monophosphate associated with neuronal depolarization and
sensitization of trigeminal nerves in vivo by binding to a
stereoselective site in the central nervous system (CNS) [2].
Tonabersat was also reported to inhibit cortical spreading de-
pression (CSD), a key mechanism underlying the depolarizing
brain waves in a migraine with aura [3]. Features of CSD are
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also reported in secondary tissue damage following stroke [4],
epilepsy [5], and brain injury [6]. Based on preclinical results,
tonabersat was selected for phase II clinical trials as a prophy-
lactic treatment for migraines [7, 8], where it was well toler-
ated and devoid of adverse effects in the cardiovascular sys-
tem [9]. It was also proposed as a treatment for epilepsy [10].
While the clinical results for tonabersat were still under eval-
uation [11], the cell-to-cell signaling involved in CSD gave
rise to gap junctions (GJs), which are intercellular channels, as
possible therapeutic targets for tonabersat for CSD [12]. GJ
channels are from a highly conserved family of connexin pro-
teins, and connexin43 is a major subtype of the CNS [13–16].
Structurally, connexin proteins are composed of 4 transmem-
brane domains, cytoplasmic N- and C-termini, a cytoplasmic
loop, and 2 highly conserved extracellular loops [17]. The
oligomerization of 6 connexin proteins forms a connexon
[18], or Bhemichannel^, that aligns and docks with an adjacent
hemichannel in a neighboring cell to form an intercellular GJ
channel [19]. In physiology and pathology, GJ channels coor-
dinate cellular behavior by providing a direct and low-
resistance intercellular pathway for molecules up to 1 kDa
[20, 21]. An open connexin43 hemichannel, however, consti-
tutes a large and relatively nonspecific pore between the intra-
cellular space and extracellular milieu. Specific physiological
roles for connexin43 hemichannels have been proposed
[22–24], but these channels also have a low basal opening
probability [25]. Additionally, conditioning factors such as
changes in Ca2+ concentration [increase in cytoplasmic Ca2+

concentration or decrease in extracellular Ca2+ concentration
(Ca2+o)] [19, 26–28], metabolic inhibition [29, 30], reduced
redox potential [31], and membrane depolarization [25, 32]
have all been shown to increase the opening probability of
connexin43 hemichannels. Enhanced connexin43
hemichannel activity has been reported to accelerate cell death
by compromising metabolic, ionic, and energy gradients [33].
Open hemichannels have also been suggested to contribute to
cell swelling [34], excitotoxic cell death [35], and vascular
hemorrhage [36, 37]. Furthermore, adenosine triphosphate
(ATP) released from unregulated connexin43 hemichannels
has been suggested to activate the purinergic cascade [38],
which is reported to be a signaling pathway associated with
the inflammasome pathway leading to the maturation and se-
cretion of proinflammatory cytokines such as interleukin (IL)-
1β and IL-18 from inflammatory cells [39, 40].

Hemichannels also propagate secondary damage signals
following spinal cord injury [41–44], CNS ischemia [35, 37,
45–48], and retinal injuries [49, 50], and have been termed
Bpathological pores^ [16, 51]. Upregulation of the expression
of connexin43 following an insult is also reported to exacer-
bate the extent of secondary damage [37, 43, 46, 52–55].

Modulating connexin43 hemichannel opening under cellular
stress has been shown to avert secondary injury mechanisms. In
the retina, blocking connexin43 hemichannel activity with a low

concentration of connexinmimetic peptide (Peptide5) [40, 56], a
mimicking sequence of the second extracellular loop of
connexin43, significantly reduced vascular leak, vessel loss,
and retinal ganglion cell death in a model of retinal ischemia–
reperfusion [37]. Peptide5 also reduced inflammation, improved
functional outcomes, and retained retinal tissue integrity follow-
ing bright-light damage used as a model for dry age-related
macular degeneration [50]. In other areas of the CNS, Peptide5
improved functional outcomes following spinal cord injury [43,
44], and in sheep models of perinatal ischemia and asphyxia by
reducing seizures and significantly improving electroencephalo-
graphic power [46, 47]. Other connexin43 extracellular loop-
mimicking peptides such as Gap26 [57] and Gap27 [52], and
an intracellular acting mimetic peptide, Gap19 [58], have also
been reported to limit cell death by reducing connexin43
hemichannel activity following injury. In a different approach,
connexin43 antisense oligodeoxynucleotides (a single strand of
DNA) promoted wound healing by specifically inhibiting
connexin43 synthesis [59–61]. The protective effect of
connexin43 antisense oligodeoxynucleotides likely involves
transient attenuation in the expression of hemichannels and GJ
channels, although hemichannels may be the primary contribu-
tors to secondary injury effects.

Tonabersat has previously been reported to inhibit
connexin26 GJ formation between trigeminal neurons and
satellite glial cells by attenuating the p38-mitogen-activated
protein kinase (MAPK) pathway [12], a signal transduction
cascade involved in inflammation and apoptosis [62]. To the
best of our knowledge though there has been no report show-
ing that tonabersat is connexin26-specific. Tonabersat is
known to bind with high affinity to a stereoselective yet un-
specified site in the CNS [1]. Connexin43 is abundantly
expressed in the CNS [13–15], and we investigated whether
tonabersat could improve functional outcomes in in vitro and
in vivo models of CNS injury and disease by modulating
connexin43 channels.

Using an in vitro ischemia–reperfusion model we charac-
terized the concentration- and time-dependent properties of
tonabersat and sought to determine if it can specifically target
connexin43 hemichannels without affecting GJ communica-
tion. We then translated our in vitro results into an established
in vivomodel of retinal injury—the bright-light damagemodel
[37, 50, 54]. This in vivo model enabled us to assess whether
tonabersat can protect against functional loss and make direct
comparisons with previously published connexin43 mimetic
peptide (Peptide5) intervention studies [50]. Here we show
that a low concentration of tonabersat can attenuate ATP re-
lease from connexin43 hemichannels following injury and
reperfusion conditions in vitro, indicating direct hemichannel
block. Electrophysiology showed that channel closure occurs
directly (< 3 min). High concentrations of tonabersat, howev-
er, reduced GJ coupling in a scrape-load dye-spread model
(down to about half), with sustained long-term exposure
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causing internalization and degradation of membrane
connexin43 plaques via the lysosomal pathway. This study
demonstrates that tonabersat is not only acting on connexin26
GJ formation or glia neurons as previously reported, but that it
can also inhibit connexin43 hemichannels in other cell types
and can partially regulate connexin43 GJ coupling at higher
concentrations. Our results support the investigation of
tonabersat as a potential treatment to prevent hemichannel-
mediated inflammatory damage and/or vessel loss, both of
which are common to acute injuries of the CNS such as trau-
ma, stroke, and ischemia, and to block perpetuation of the
inflammasome pathway in chronic neuroinflammatory dis-
eases such as age-related macular degeneration, diabetic reti-
nopathy, chronic pain, Alzheimer’s disease, and Parkinson’s
disease.

Methods

Cell Preparation for in vitro Assays

Human cerebral microvascular endothelial cells (hCMVEC)
(ABM, Milton, ON, Canada), which have been characterized
extensively for their endothelial phenotype in terms of their
cytokine secretion and cell-surface adhesion molecules [63],
were grown in collagen-coated (30 μg/cm2) T25 or T75 flasks
and maintained in growing mediumM199 supplemented with
10% fetal calf serum, 1 μg/ml hydrocortisone, 3 ng/ml human
fibroblast growth factor, 1 ng/ml human epidermal growth
factor, 10 μg/ml heparin, 1X penicillin streptomycin neomy-
cin (Life Technologies, Carlsbad, CA, USA), and 8 nM cyclic
adenosine monophosphate. Cells were maintained at 37°C
with 95% O2 and 5% CO2. Human retinal pigment epithelial
(ARPE-19) cells were grown in DMEM/F:12 (Invitrogen,
Carlsbad, CA, USA), supplemented with 10% fetal calf se-
rum, 100 units/ml of penicillin, 100 μg/ml streptomycin, and
0.25 μg/ml Fungizone® Antimycotic (Invitrogen).

Chemicals

Tonabersat (Medchemexpress, Monmouth Junction, NJ,
USA) was dissolved in dimethyl sulfoxide (DMSO) at a stock
concentration of 100 mM for in vitro studies. Ammonium
chloride (NH4Cl; Sigma, St. Louis, MO, USA) was dissolved
in ultrapure water (H2O) at a stock concentration of 100 mM.
Connexin43 channel-inhibiting mimetic peptide (Peptide5,
sequence VDCFLSRPTEKT) (Auspep, Tullamarine, VIC,
Australia), was synthesized at a purity of > 95% and dissolved
in ultrapure H2O at a concentration of 10 mM. Probenecid
(C13H19NO4S; Sigma), solubilized in 1 M NaOH at a concen-
tration of 50 mg/ml, was used to block Pannexin channel
opening in order to characterize connexin43 hemichannels in
isolation. Carbenoxolone (CBX; Sigma), a nonspecific

inhibitor of connexin and pannexin channels, and a broad-
spectrum inhibitor of GJ channels [64], was dissolved in ul-
trapure H2O at a stock concentration of 10 mM. For in vivo
studies, tonabersat was dissolved in 60% cyclodextrin and
40% polyethylene glycol (PEG). Briefly, 2.4 ml Milli-Q® wa-
ter (Millipore, Billerica, MA, USA) was added to 3.6 g cyclo-
dextrin and placed on a rocker for several hours until dis-
solved. Then, Milli-Q water was added up to 6 ml followed
by 4 ml PEG and mixed thoroughly. A mass of 10 mg
tonabersat was added to 10 ml of (2-hyrdoxypropyl)-β-cyclo-
dextrin (Sigma Aldrich, St. Louis, MO, USA) and PEG
(MW400) (Sigma Aldrich) vehicle mixture and sonicated at
35–40oC in a sonicating water bath for 2 h until the Tonabersat
was well mixed with the vehicle.

In vitro Injury–Reperfusion ATPAssay

hCMVEC were trypsinized (TrypLE Express; Life
Technologies) and plated at a density of 0.025 × 106 cells
per well in a collagen-coated 12-well plate (1 μg/cm2) a day
prior to the experiment. Cells were incubated in culture medi-
um overnight. Hypoxic, acidic, ion-shifted Ringer injury
(HAIR) solution that mimics ionic concentrations and acid–
base shifts of the interstitial space in hypoxic–ischemic brains
[65] was used to trigger hemichannel opening. The injury
solution contained 38 mM NaCl, 13 mM NaHCO3, 3 mM
Na-gluconate, 65 mM K-gluconate, 38 mM NMDG-Cl,
1 mM NaH2PO4, and 1.5 mM MgCl2. The injury solution
was bubbled in N2 gas (> 99% purity, 20 l/min) for 5 min
and pH adjusted to 6.6 with 5 MHCl before use. The standard
Ringer solution contained 124 mMNaCl, 3 mMKCl, 26 mM
NaHCO3, 1 mM NaH2PO4, 1.3 mM CaCl2, 1.5 mM MgCl2,
and 10 mM glucose, and pH adjusted to 7.4 with 5 M HCl
before use [65]. In the ischemia injury model, hCMVEC were
incubated for 2 h in tonabersat (0.1–100 μM) ± probenecid (1
mM) dissolved in injury solution (500 μl). In the ischemia–
reperfusion model, hCMVEC were first incubated in injury
solution for 2 h, which was discarded and replaced with
tonabersat (10 μM) dissolved in standard Ringer solution
(500 μl) for a further 2 h. In ischemia or ischemia–reperfusion
models, hCMVECwere incubated in standard Ringer solution
only as a negative control. Injury solution or injury solution
followed by standard Ringer solution was used as a positive
control for ischemia injury and ischemia–reperfusion models,
respectively. Established inhibitors, Peptide5 (100 μM) [37,
40, 56] and probenecid (1mM) [66], were used to differentiate
connexin43 and pannexin activity for both injury and injury–
reperfusion models. CBX at a concentration of 100 μM was
also used. These established inhibitors enabled us to compare
whether tonabersat was targeting connexin hemichannels and/
or pannexin channels. All incubations were conducted at 37°C
in 95% O2 and 5% CO2. At the end of each experiment incu-
bating solutions were removed and immediately placed on ice.
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The concentration of ATP in the solutions was determined
using a luciferin/luciferase bioluminescence reaction (ATP
Determination Kit; Molecular Probes, Eugene, OR, USA)
and detected using a luminescence plate reader (VICTOR
X; Perkin Elmer #2030-0010; Waltham, MA, USA).
Standard curves were generated in each experiment from
an ATP standard (0–500 nM) to quantify the concentration
of ATP in the test samples. Treatment groups had a sample
size of 2 wells per experiment, and the concentration of ATP
in each sample was measured in triplicates over 10 repeated
readings. The data are presented as mean ± SE relative to the
injury or injury–reperfusion-positive control. Statistically
significant differences between samples were tested using
1-way analysis of variance (ANOVA) and Tukey’s multiple
comparisons test.

To ensure that none of the drugs or vehicles used could
directly affect the enzymatic ATP assay, ATP standard curves
were also run (3 repeats of each) in HAIR, HAIR + tonabersat
(100μM), normal Ringer, HAIR + probenecid (1 mM), HAIR
+ CBX (100μM), HAIR + peptide 5 (100 μM), and HAIR +
vehicle (DMSO).

Electrophysiology

hCMVEC were plated at 0.045 × 106 cells/ml on sterile 18-
mm-diameter rat collagen I coated coverslips 1 day before the
experiment in growing medium at 37°C at 95% O2 and 5%
CO2. The next day cells were perfused with artificial cerebro-
spinal fluid (aCSF) containing 125 mM NaCl, 25 mM
NaHCO3, 3 mM KCl, 1.25 mM NaH2PO4, 1 mM MgCl2,
1.8 mM CaCl2, and 10 mM glucose bubbled in 95% O2 and
5% CO2 at room temperature. The internal pipette solution
contained 130 mM KCl, 10 mM sodium aspartate, 0.26 mM
CaCl2, 2 mM EGTA, 5 mM tetraethylammonium–Cl, 1 mM
MgCl, 3 mMMgATP, and 5 mM HEPES at pH 7.2 [25], and
kept on ice. High-resistance pipettes of 6 to 10 MΩ were
pulled from Corning 7056 patch glass capillaries (outer diam-
eter 1.5 mm, inner diameter 1.1 mm, wall thickness 0.4 mm)
using a P-97 electrode puller (Sutter Instruments, Novato, CA,
USA). To resolve single currents in the whole-cell configura-
tion [67], isolated cells with low capacitance (< 10 pF) with a
seal resistance of > 5 GΩ were selected for recording. A volt-
age clamp was used to elicit hemichannel currents by holding
the membrane potential (Vm) at 0 mV for 100 ms, followed
by positive voltage steps of 10 mV to 80 mV in 10 mV incre-
ments at 15 s each. Voltage-clamp recording and drug perfu-
sion were conducted simultaneously. Cells were perfused with
aCSF for 1 min; then, channel currents were recorded for
1 min following 5 min perfusion with Tonabersat (50 μM)
in aCSF. Tonabersat was washed out for 5 min before a 1-
min recording of the washout period. Currents were measured
using amplifier (MultiClamp 700B; Molecular Devices,
Sunnyvale, CA, USA) and digitizer (Digidata, 1200B; Axon

Instruments fromMolecular Devices). The data were low-pass
filtered at 1 kHz and digitized at sampling intervals of 0.25 ms
using pClamp 10 software (Molecular Devices).

Scrape Loading GJ Assay

hCMVEC were trypsinized (TrypLE Express; Life
Technologies) and plated at a density of 0.4 × 106 cells per
well in a collagen-coated 12-well plate, and incubated in cul-
ture medium overnight. Once confluency was reached, the
cells were preincubated in tonabersat (0.1, 1, 10, 50, or 200
μM) dissolved in culture medium for 1 min, or 1, 2, 6, or 24 h.
CBX at a concentration of 200 μM was used as a positive
control. Cells were washed 3 times with phosphate-buffered
saline (PBS) without Ca2+ or Mg2+. The cells were then incu-
bated in 0.05% Lucifer Yellow (LY) (Sigma) ± tonabersat
dissolved in PBS, and scrape-wounded with a size 10
carbon-steel surgical blade. Following 5 min incubation at
37°C in 95% O2 and 5% CO2 without light, the 0.05% LY
solution was removed. Cells were rinsed 4 times with PBS
with Ca2+ or Mg2+, and then fixed in 4% paraformaldehyde
(PFA) (ProSciTech, Kirwan, QLD, Australia) in PBS at pH
7.4 for 10 min at room temperature. Cells were then washed 3
times in PBS to remove PFA before fluorescent imaging. LY
was visualized using a Nikon TE2000E inverted fluorescent
microscope (10× magnification, 0.3 numerical aperture), and
captured using a Digital Sight CCD camera and Eclipse Net
software (Nikon, Tokyo, Japan). Three images within each
well from 3 independent experiments were taken for analysis.
The Transfluor feature in MetaXpress® Image acquisition and
analysis software (version 5.3.0.1; Molecular Devices) was
used to quantify the total number of LY-positive cells. The
data are presented as means ± SE relative to the no-treatment
control. Statistically significant differences between samples
in a given experiment were tested using 1-way ANOVAwith
the Tukey’s multiple comparisons test (n = 3 independent
experiments, 3 wells).

Immunocytochemistry and Quantification of Connexin43
Plaques

ARPE-19 cells were grown until confluent in 8-well glass
chamber-slides (BD Falcon). Confluent monolayers of
ARPE-19 cells were incubated at a final concentration of 5,
10, 50, 100, 200, and 500 μM tonabersat, and/or 10 mM
NH4Cl [68] in culture medium for 1 or 6 h. Cells were fixed
in 4% PFA at pH 7.4 for 10 min at room temperature, perme-
abilized with 0.05% Triton-X100 in PBS, and incubated in
10% normal goat serum to block nonspecific labeling. Cells
were rinsed 3 times with PBS containing 0.1 mM CaCl2 be-
tween each fixation, permeabilization, and blocking steps.
Connexin43 polyclonal rabbit antibody (C6219, 1:2000;
Sigma) was applied for 24 h, followed by a goat antirabbit
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Alexa Fluor® 568 secondary antibody (1:200; Invitrogen) for
45 min. Nuclei were counterstained with 4',6-diamidino-2-
phenylindole (Invitrogen) at 10,000-fold dilution for 5 min,
and mounted with Citifluor™ mounting medium. Images
were visualized and captured using an oil-immersion lens
(60× magnification, 1.35 numerical aperture) on an Olympus
FV1000 upright confocal laser scanning microscope and
Olympus FV10-ASW 4.0 software. The Transfluor feature
in MetaXpress® Image acquisition and analysis software
was used to quantify the total area of connexin43 plaques
per image. Results represent mean ± SE and statistical tests
were conducted using 1-way ANOVA and Tukey’s multiple
comparisons test (n = 3 wells in each treatment from 2 inde-
pendent experiments).

Real-Time Reverse Transcription Polymerase Chain
Reaction

Real-time reverse transcription polymerase chain reaction
(PCR) was used to determine the relative levels of connexin43
mRNA. A confluent monolayer of ARPE-19 cells was treated
with 50 μMTonabersat or 0.05% DMSO vehicle control for 1
h. Cells without treatment were also used as a further control.
Cells were harvested with TRIzol® (Life Technologies), and
total RNA was isolated using SuperScript III First Strand kit
(Invitrogen) according to the manufacturer’s instructions. All
RNA samples were quantified using a nanodrop 1000 micro-
volume spectrophotometer (Thermo Scientific, Waltham,
MA, USA). cDNAs from samples were synthesized using
SuperScript® III First-Strand Synthesis SuperMix
(Invitrogen) according to the manufacturer’s instructions.
Primer sequences for human connexin43, GenBank
Accession No. M65188.1, were obtained from the Harvard
Primer bank. The sequences for human connexin43 were for-
ward 5’-TGGTAAGGTGAAAATGCGAGG-3’ and reverse
5’-GCACTCAAGCTGAATCCATAGAT-3’. The appropriate
reference gene to be used for relative fold-difference in
connexin43 mRNAwas determined by screening commonly
used housekeeping genes, β-actin (ACTB), hypoxanthine
phosphoribosyltransferase 1 (HPRT1), peptidylprolyl isomer-
ase A (PPIA), and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). We chose β-actin as the control gene as it
showed no significant difference in expression between the
treatment groups. All PCR reactions were performed on the
Rotor gene600 (Qiagen, Hilden, Germany) using a cycle pro-
gram of 50ºC for 2 min then 95ºC for 2 min; 95ºC for 15 s and
60ºC repeated 40 times; 95ºC for 15 s, 60ºC for 15 s, 95ºC for
15 s, in order to generate threshold cycles for relative quanti-
fication (Ct). Relative changes in connexin43 mRNA expres-
sion were calculated as fold-differences against β-actin using
the 2–ΔΔCt method. Results represent mean ± SE and statistical
tests were conducted using a 1-way ANOVA followed by
Tukey’s multiple comparisons test.

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide Viability Assay

hCMVEC were seeded in a collagen-coated 96 well-plate at 1
× 104 cells/well and incubated in culture medium overnight.
The following day, cells were washed twice with PBS and
incubated in culture medium with tonabersat (0.2, 2, 20, and
200 μM) for 24 h. Following incubation, the culture medium
was removed and replaced with 100 μl PBS. A volume of
10 μl 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide stock (5 mg/ml) was added to each well, except for
the blank control, and was left to incubate at 37°C for 4 h. The
solution was then aspirated from each well and replaced with
50 μl DMSO (Sigma) as a solvent. Viability was determined
by measuring the absorbance at 595 nm in a plate reader
(OPTIMA FLUOstar; BMG), and each measurement was
standardized to no-treatment control in each experiment.
Results represent mean ± SE and statistical tests were conduct-
ed using a 1-way ANOVA followed by Tukey’s multiple com-
parisons test.

Light-Damage Animal Model

All procedures were conducted in compliance with the ARVO
Statement of Use of Animals in Ophthalmic and Vision
Research and were approved by the Animal Ethics
Committee of the University of Auckland. Adult Sprague-
Dawley (SD) rats (200–250 g, equal numbers of male and
female) were obtained from the Vernon Janson Unit of the
University of Auckland and housed in a 12 h light/dark cycle
and received food and water ad libitum. To induce light dam-
age rats were exposed to bright light for 24 h. Light exposure
started consistently around 9:00 a.m. to minimize damage
caused by variations in time of the day exposure [69]. The
light luminance was 2700 lux, created by placing fluorescent
light lamps (Philips Master TLD 18W/965; Koninklijke
Philips Electronics N.V., Amsterdam, the Netherlands) direct-
ly above the rat cages. The light source covered broadband
fluorescence, from 380 to 760 nm, with no extra heat gener-
ated. The average intensity at the top of the cage was 120
W/m2. This broadband fluorescence light has been used in
previous studies on albino rats [54, 70]. Animals were able
to move freely in the cage and had access to food and water at
libitum. The light-damage process was continuous otherwise,
except for a brief period during tonabersat injection. Light-
damaged SD rats with vehicle only injection were used as
sham control animals. There were 6 animals per group with
12 eyes per group analyzed.

Tonabersat was administered as a double injection in the rat
peritoneum, the first injection 2 h into the 24-h light-damage
period and the second injection immediately after the 24-h
light-damage procedure. The dose administered was 80 μl of
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the 1 mg/ml solution, calculated to give a final circulating
concentration of 10 μM (assuming a 20-ml blood volume).

Electroretinogram recording (ERG) for assessment of reti-
nal function was performed as described previously [54]. SD
rats were dark-adapted overnight for 12 to 14 h before the
ERG recording. The ERG baseline was recorded before light
damage and after 24 h, and 7 and 14 days of intense light
damage. A dim red light generated by a light-emitting diode
(λmax = 650 nm) was used during manipulations of dark-
adapted animals. The corneas were maintained hydrated with
1% carboxymethylcellulose sodium (Celluvis®; Allergan,
Parsippany-Troy Hills, NJ, USA) throughout the whole
ERG recording. Right and left eye ERGs were recorded using
animal gold-ring electrodes (Roland Consult, Brandenburg,
Germany). The active electrode was U-shaped and was kept
in contact with the eyelid–cornea interface. The inactive elec-
trode was V shaped and hooked around the front teeth and was
in contact with the wet tongue. Body temperature was kept
approximately at 37°C to avoid temperature-driven ERG am-
plitude fluctuation. Full-field ERG responses were elicited by
a twin-flash (0.8-ms stimulus interval) generated from a pho-
tographic flash unit (Nikon SB900 flash) via a Ganzfeld
sphere. Recordings were performed in a Faraday cage to re-
duce electrical noise. The flash unit triggered paired flashes
that had identical luminous energy. The rod and cone mixed
response were recorded after the initial flash, and the response
was subtracted from the second flash to represent function
from the cone photoreceptors only. The results of ERG signals
were amplified 1000 times by a Dual Bio Amp and wave-
forms were recorded using the Scope software (AD
Instruments, Sydney, Australia). Published algorithms were
used in the analysis of the amplitudes of a-wave and b-wave
ERG for each eye [50, 54].

A spectral domain optical coherence tomography (Micron
IV; Phoenix Research Labs, Pleasanton, CA, USA) approach
was used to investigate the thickness of the retinal layers in
tonabersat or sham-treated light-damaged rats. This procedure
was executed immediately after ERG recordings under the
same anesthesia and pupil dilation [54]. Rats were placed on
a 37ºC heating pad to maintain body temperature and to pre-
vent the development of cold cataracts. Dilated eyes were
covered with Poly Gel (containing 3 mg/g Carbomer; Alcon
Laboratories, Fort Worth, TX, USA) to act as an immersion
medium, bridging the optical coherence tomography (OCT)
lens to the cornea for retinal imaging. StreamPix 6 software,
version 7.2.4.2 (Phoenix Research Labs) was used for image
acquisition. The spectral domain optical coherence tomogra-
phy horizontal line B-scan had 2-μm axial resolutions and
consisted of 1024 pixels per A-scan. Ten B-scans, acquired
2 mm from the optic nerve in the dorsal retina, were taken and
averaged. Images were analyzed using InSight software, ver-
sion 1.1.5207 (Phoenix Research Labs) to calculate the thick-
ness of retinal and choroidal layers. The total thickness of the

retina was measured from the retinal pigment epithelium to
the edge of the nerve-fiber layer. The choroidal layers were
measured from the hyper-reflective Bruch’s membrane to the
choroidal–scleral interface. The outer nuclear layer was mea-
sured from the border of the retinal pigment epithelium to the
outer plexiform layer interface.

Results

Concentration-Dependent Inhibition of ATP Release
by Tonabersat in the Absence of Pannexin Activity

The total ATP released from a subconfluent culture of
hCMVEC following tonabersat exposure was compared with
established membrane channel blockers following 2 h of is-
chemia in a model of ischemia injury, or 2 h after reperfusion
(replacement of ischemic media with normal media and ATP
levels assayed after a further 2 h) (Fig. 1A–C). Connexin43

�Fig. 1 Tonabersat inhibits hemichannels and inhibits adenosine
triphosphate (ATP) release from human cerebral microvascular endothe-
lial cells (hCMVEC) in injury and reperfusion. (A) ATP released from
hCMVEC following 2 h of exposure to injury and treatment with
carbenoxolone (CBX), Peptide5, probenecid, and a combination of
Peptide5 and probenecid in vitro. Quantification of total extracellular
ATP release is presented as a percentage of the injury control for each
treatment group. A significant reduction in ATP was present across all
treatment groups compared with injury control: 100 μM CBX, 100 μM
Peptide5 alone, 1 mM probenecid alone, and 100 μM Peptide5 in com-
bination with 1 mM probenecid; the latter group reducing total ATP
release to the same level as CBX. (B) Quantification of total extracellular
ATP release in hCMVEC presented as a percentage of the injury control
for each treatment group. A significant reduction in ATP was present
across all treatment groups: 100 μM CBX and 0.1 μM to 100 μM
tonabersat in combination with 1 mM probenecid. A significant differ-
ence was present between 10 μM and 100 μM tonabersat. (C) In the
absence of probenecid there was no significant reduction in extracellular
ATP in the presence of 0.1 μM to 100 μM tonabersat compared with
injury control during ischemia. (D) ATP released from subconfluent
hCMVEC following 2 h of exposure to injury then 2 h of exposure to
reperfusion in vitro. ATP is quantified as a percentage of the injury–
reperfusion (IR) control. A significant reduction in ATP was observed
with 100 μM CBX, 100 μM Peptide5 alone, and 100 μM Peptide5
combination with 1 mM probenecid, but not with 1 mM probenecid
alone. A significant reduction in ATP was observed with 10 μM
tonabersat. (E) Tonabersat attenuates single-channel currents elicited by
positive membrane potentials in hCMVEC. Cells were perfused with
artificial cerebrospinal fluid (aCSF) during a 15-s voltage protocol to
positive membrane potentials (≥ 60 mV) to stimulate connexin43
hemichannel currents (aCSF, before tonabersat, upper panels).
Tonabersat (50 μM) dissolved in aCSF immediately attenuated single-
channel currents (aCSF + 50 μMTonabersat, blue panel). Single-channel
currents were partially recoverable upon washout of tonabersat with
aCSF (aCSF washout, bottom panel). C (black dotted lines) and O (red
dotted lines) indicate closed and open state, respectively. The values next
to the lines indicate starting current. Values represent mean ± SE. One-
way analysis of variance Tukey’s multiple comparison test *p < 0.05, **p
< 0.01, ***p < 0.001, ****p < 0.0001, n = 6 for each of 3 independent
experiments
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hemichannel- and Pannexin channel-mediated ATP release
was differentiated using Peptide5 (100 μM) [56] and proben-
ecid (1 mM) [66], respectively. The nonspecific channel
blocker CBX (100 μM) was used for comparison. ATP stan-
dard curves (0–500 nM concentrations) showed that none of
the vehicles or drugs alone affected the assay. Linear regres-
sion was found to have an R2 of 0.99 for all vehicle and drug
combinations.

When compared with the injury group (100.0 ± 2.2%), a
basal level of 35.0 ± 2.6% ATP was released from the
nonischemia control that may reflect normal cellular activity
and/or dead cells prior to injury; the difference between these
groups was highly significant (p < 0.0001) (Fig. 1A). As has
been reported previously [71], Peptide5 significantly reduced
ATP release to 73.9 ± 2.1% during ischemia in hCMVEC and
probenecid block of pannexin channels reduced ATP release
to 83.1% ± 4.5%. Peptide5 in combination with probenecid is
synergistic and reduced ATP release almost to the same level
as CBX [71]. We compared these results with the effect of
tonabersat in combination with probenecid (Fig. 1B). ATP
release was significantly reduced when probenecid (1 mM)
was combined with tonabersat at concentrations of 0.1 μM
(85.9 ± 2.4%), 1 μM (75.9 ± 2.3%), 10 μM (58.5 ± 1.9%),
and 100 μM (70.5 ± 3.9%) compared with ischemia injury
(100.0 ± 1.2% in this experiment). This effect was concentra-
tion dependent—tonabersat at the lowest concentration, 0.1
μM, showed no effect over probenecid alone, and maximal
inhibition achieved at 10 μM tonabersat, and that was signif-
icantly greater by 12.1 ± 3.2% than the highest concentration
of 100 μM (p = 0.005) (Fig. 1B). Comparing Figure 1A and
1B, tonabersat (10 μM) was as effective as Peptide5 when
probenecid was also present. Interestingly, tonabersat alone
under ischaemic conditions did not reduce ATP release from
hCMVEC at any of the 4 concentrations used, 0.1, 1, 10 ,or
100 μM (p > 0.09), although the control channel blocker CBX
kept ATP release down to noninjury levels (Fig. 1C).

However, during the reperfusion period, there was no evi-
dence for pannexin channel opening and tonabersat was as
effective as Peptide5 whether probenecid was present or not
(Fig. 1D). There was a significant difference in ATP release
between no injury-reperfusion and injury-reperfusion control
(p = 0.0006). Baseline ATP release was slightly higher in this
experimental group where the medium had been replaced after
2 h of ischemia in order to mimic reperfusion. Peptide5 sig-
nificantly reduced ATP release to 70.3 ± 4.4% (p = 0.0196)
under these conditions but probenecid had no effect on ATP
release compared with reperfusion injury (99.3 ± 4.4%; p >
0.99). A combined treatment of Peptide5 and probenecid also
significantly reduced ATP compared with reperfusion injury
(71.1 ± 7.4%, p = 0.025), which was comparable with
Peptide5 treatment alone. Tonabersat (10 μM) alone also
inhibited ATP release from hCMVEC under these conditions.
Indeed, we found a significant reduction in ATP in the

presence of 10 μM tonabersat (68.9 ± 6.9%; p = 0.02), which
was comparable to 100 μM Peptide5 during reperfusion inju-
ry in vitro (Fig. 1D). As for Peptide5, addition of probenecid
with tonabersat had no further effect under reperfusion condi-
tions. CBX (100 μM) significantly lowered ATP release to
33.8 ± 6.6% (p = 0.0127). To confirm that ATP release was
from healthy cells, the effect of tonabersat (0.2–200 μM) on
hCMVEC viability over 24 h was examined using an MTT
assay. Tonabersat (200 μM) did not significantly reduce cell
viability after 24 h of treatment (p = 0.378). Furthermore, there
was no significant reduction in cell viability in response to
vehicle (0.2% DMSO) or CBX (200 μM) (p = 0.9029 and p
= 0.4719, respectively).

Tonabersat Reduced Single-Channel Activity in an in vitro
Electrophysiology Assay

We then examined single-channel currents in isolated
hCMVEC following stimulation to positive membrane poten-
tials (≥ 60 mV) that are known to activate the opening of
connexin 43 hemichannels [25, 32, 72]. A high level of activ-
ity was observed at positive membrane potentials in aCSF
(Fig. 1E, upper panel). Following perfusion of tonabersat
(50 μM) in aCSF, an immediate (within 3 min experimental
time resolution) reduction in single-channel unitary conduc-
tance was apparent (Fig. 1E, middle panel). The single chan-
nel unitary currents were partially recoverable following
washout of Tonabersat and return to normal aCSF (Fig. 1E,
bottom panel). Conductances for 70 mV before, during, and
after tonabersat were 45.86 pS [95% confidence interval (CI)
40.69–51.04], 25.1 pS (95% CI 24.68–25.52) and 38.2 pS
(95% CI 36.9–39.6), respectively.

High Concentrations of Tonabersat Uncoupled GJs
in a Time-Dependent Manner

To test whether tonabersat inhibits GJ communication, we
performed an in vitro scrape-loading assay with extracellular
LY, a fluorescent dye that is transferred from cell to cell only
through coupled GJ [73]. A single scrape wound was made to
a confluent monolayer of hCMVEC to enable LY dye to gain
access to the cytoplasm of cells at the edge of the wounded
region and we then followed transfer of the dye to adjacent
cells via GJs. As expected, we observed LY transfer in vehicle
control (Fig. 2A), which is indicative of functional cell-to-cell
communication via coupled GJs [73]. CBX applied concom-
itantly with LY significantly reduced GJ communication to
22.2 ± 2.8% compared with control (p < 0.0001) (Fig. 2B).
The extent of GJ uncoupling increased over the tonabersat
preincubation time at a set tonabersat concentration of
50 μM (Fig. 2A, B). Compared with control, LY-positive cell
numbers were 72.5 ± 7.5% of controls after preincubation of
50 μM tonabersat for 2 h (p = 0.0132) and 62.8 ± 8.0% at 6 h
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(p = 0.0003). LY-positive cells were maximally reduced to
50.5 ± 7.5% (p < 0.0001) compared with control by 24 h
(Fig. 2B). After 24 h preincubation at a higher concentration
of 200 μM tonabersat, LY-positive cells were further signifi-
cantly reduced to 46.7 ± 3.2% (p < 0.0001). However, imme-
diate application of 50 μM tonabersat (p = 0.986) or 1 h
preincubation prior to the assay (p = 0.054) did not signifi-
cantly reduce GJ coupling when compared with control
(Fig. 2B). At lower tonabersat concentrations (0.1, 1, and 10
μM), there was no reduction in LY-positive cells at both 2 h (p
> 0.7), and 24 h (p > 0.3) of preincubation compared with
control (Fig. 2C, D). Taken together, these results indicate that
tonabersat-mediated GJ uncoupling is concentration-
dependent at ≥ 50 μM and the extent of this uncoupling effect
is dependent on the time period of tonabersat treatment.

High Concentrations of Tonabersat Caused
Internalization and Degradation of Connexin43 Plaques
Via the Lysosomal Pathway in ARPE-19 Cells

We investigated whether the loss of coupling at high
tonabersat concentrations was caused by channel block or
internalization of connexin43GJs from the plasmamembrane.
We used immunocytochemistry in a human cell line, retinal

pigmented epithelial cells (ARPE-19), to visualize the
distribution and size of the connexin43 GJ plaques. As
hCMVEC exhibit interdigitating or overlapping cell-to-cell
interfaces they are less suitable for quantifying connexin43
plaques between cells. We chose ARPE-19 cells because of
the classic Bcrazy paving^ pattern that is observed with
connexin43 plaques at clearly defined cell-to-cell borders
[74]. We observed connexin43 plaques between cell-to-cell
contacts that were labeled in a regular tile-like pattern under
basal conditions (Fig. 3A). Connexin43 labeling was also vis-
ible in the perinuclear region, which most likely represents an
intracellular pool of connexin43 in the Golgi apparatus [75].
However, significant reductions in the total area of
connexin43 were observed following 1 h of exposure to
tonabersat at concentrations of 100 μM (52.8 ± 5.6%; p =
0.0012), 200 μM (63.2 ± 5.6%; p = 0.0286), and 500 μM
(64.8 ± 8.4%; p = 0.0420) compared with untreated control
(Fig. 3B). By contrast, compared with untreated control, there
was no significant reduction in connexin43 at lower concen-
trations of 5 μM (p = 0.99), 10 μM (p = 0.5777), or 50 μM (p
= 0.1146) (Fig. 3B).

Next, we investigated whether the reduction in connexin43
plaques was time-dependent by exposing ARPE-19 cells to
tonabersat (50–500 μM) for an extended period of 6 h

Fig. 2 Functional effect of tonabersat on intercellular communication in
human cerebral microvascular endothelial cells (hCMVEC) in vitro. (A)
Examples of Lucifer Yellow dye spread to neighboring cells via coupled
gap junction as seen after scrape loading. Left-hand panels are phase
contrast imaging showing cells and the scrape line; the right-hand panels
show the dye uptake and spread. The top panels show control cells, the
middle panels show cells treated with 50 μM tonabersat for 1 h prior to
scraping, and the bottom panels show cells treated with 50 μM tonabersat
for 2 h before scraping. Tonabersat treatment for 1 h has minimal effect on
coupling, but dye spread is reduced after tonabersat treatment for 2 h. (B)

Quantification of dye spread over time with 50 μM tonabersat treatment
from 0 to 24 h, or at a higher, 200 μM, concentration for 24 h before
scrape loading. Treatment up to 1 h before scrape loading did not signif-
icantly affect dye spread but the amount of uncoupling (statistically sig-
nificant) increased with Tonabersat treatment times from 2 to 24 h. (C, D)
Low concentrations of tonabersat (10 μM, 1 μM, 0.1 μM) did not cause
gap junction uncoupling after (C) 2 h or (D) 24 h. Values represent mean
± SEM (1-way analysis of variance followed by Tukey’s post-hoc test).
Scale bars = 200 μm *p < 0.05, **p < 0.001, ***p < 0.001; n = 3 wells
each for each of 3 independent experiments. CBX = carbenoxolone
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(Fig. 3C), which also led to reductions in connexin43 labeling
between cell-to-cell contacts and a reduction in the intracellu-
lar pool (Fig. 3A). The total area of connexin43 labeling was
significantly reduced at 100 μM (66.5 ± 5.4%; p < 0.001),
200μM (62.5 ± 2.3%; p < 0.001), and 500 μM (60.2 ± 13.6%;
p < 0.001) (Fig. 3C).

We then proposed that tonabersat at higher doses may fa-
cilitate turnover of connexin43 plaques from the plasmamem-
brane. To test this, we immobilized the lysosomal degradation
pathway in ARPE-19 cells using ammonium chloride
(NH4Cl), a weak base lysosome inhibitor [68]. Following 1-h
treatment in 50 to 500 μM tonabersat and 10 mM NH4Cl,
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connexin43 plaques were removed from cell-to-cell contacts but
remained in the cytoplasm with punctate labeling along the in-
tracellular region immediately below the plasma membrane
(Fig. 3A). In addition, there was now dense labeling visible
around the perinucleus (in what appears to be the Golgi
body) (Fig. 3A, white arrows). Treatment with NH4Cl for
1 h, or the vehicle control (0.5% DMSO) on its own, had no
significant effect on connexin43 labeling per cell compared
with the untreated control (p > 0.8) (Fig. 3D). However,
following treatment with tonabersat in the presence of
10 mM NH4Cl, total connexin43 labeling was significantly
increased by 104.8% (p < 0.001) and 65.4% (p = 0.0002)
compared with 100 μM and 200 μM tonabersat concentra-
tions alone, respectively (Fig. 3E).

Following 6 h of treatment in tonabersat and 10mMNH4Cl,
punctate connexin43 labeling was distributed throughout the
cell (Fig. 3A). In contrast to the 1-h treatment period, there
was no visible connexin43 labeling between cell-to-cell con-
tacts (Fig. 3A). Treatment with NH4Cl for 6 h, or 0.5%DMSO
vehicle control on its own, had no significant effect on the total
area of connexin43 labeling per cell compared with untreated
control (p > 0.06) (Fig. 3F). However, 6-h treatment with
Tonabersat in the presence of 10 mM NH4Cl significantly in-
creased the total amount of connexin43 labeling by 67.9% (p =
0.0015),80.3%(p=0.0001), and87.9%(p=0.0062) compared
with 50, 100, and 200 μM tonabersat treatment alone, respec-
tively (Fig. 3G).

To confirm that tonabersat-mediated reduction in
connexin43 plaques seen in Figure 3(A) was caused by inter-
nalization, and not a downregulation in connexin43 mRNA

transcription, we used real-time reverse transcriptase PCR to
compare the relative differences in connexin43 mRNA fol-
lowing a 1-h treatment with tonabersat. There was no signif-
icant difference in connexin43 mRNA in ARPE-19 cells fol-
lowing treatment with 50 μM tonabersat compared with both
untreated (p = 0.7572) and vehicle controls (p = 0.10245)
(Fig. 3H).

Tonabersat Prevented Loss of Retinal Function
and Preserved Retinal Integrity After Retina Bright-Light
Damage in a Rat Model

The effect of a connexin hemichannel block in this model has
been described previously using the mimetic peptide
hemichannel blocker Peptide5 [50]. For comparison, the ef-
fect of tonabersat in the retina light-damage rat model was
tested using ERG analysis and OCT. The ERGwas conducted
24 h, 1 week, and 2 weeks following intense light exposure.
Representative mixed ERG waveforms of sham and
tonabersat-treated rats at 2 weeks after light damage are shown
in Figure 4. Overall, mixed a-wave amplitude was better pre-
served in tonabersat-treated rats as a function of time com-
pared with sham-treated rats at intensities of –1.9 to 2.1 log
cd.s/m2. There was a significant difference in the a-wave am-
plitude 24 h post-treatment at 1.6 to 1.8 log cd.s/m2 (p < 0.05)
and 1 week at 0.1 to 2.1 log cd.s/m2 (p < 0.01–0.0001) com-
pared with the sham group (Fig. 4A). At 2 weeks post-treat-
ment, retinal function was significantly preserved compared
with sham-treated animals between 0.1 and 2.1 log cd.s/m2 (p
< 0.01 and p < 0.0001, respectively).

Further analysis showed that the mixed b-wave amplitude
of the ERG was also better preserved as a function of time
post-treatment. The mixed b-wave that reflects the inner retina
function was preserved in tonabersat-treated rats as a function
of time compared with sham rats at intensities –3.9 to 2.1 log
cd.s/m2 where a significant decline in retinal function was
observed as a result of injury. There was a significant differ-
ence in b-wave amplitude 24 h post-treatment at –2.9 and –2.1
log cd.s/m2 (p < 0.05 to p < 0.01), 1 week post-treatment at 1.6
to 2.1 log cd.s/m2 (p < 0.01 to p < 0.001), and 2 weeks fol-
lowing intense light damage at 3.9 to 2.1 log cd.s/m2 com-
pared with the sham-treated group (Fig. 4B; p < 0.01–0.001.).

The isolated rod PIII and PII amplitudes which were ex-
tracted at the highest flash intensity, 2.1 log cd.s/m2, also ex-
hibited a progressive recovery of the rod photoreceptoral ac-
tivity when the tonabersat-treated group was compared with
the sham-treated LD group. There was a significant positive
correlation in PIII amplitude between 1 week and 2 weeks
post-treatment of tonabersat compared with the sham-treated
group (p < 0.01 and p < 0.001) (Fig. 4C). For the rod PII
amplitude, there was a significant difference at 2 weeks
post-tonabersat treatment compared with the sham-treated
group (p < 0.05) (Fig. 4D). Interestingly, the cone PII

�Fig. 3 Tonabersat internalizes and degrades connexin43 gap junction
plaques via the lysosomal pathway in ARPE-19 cells. (A)
Immunolabeling for connexin43 (Cx43; red) and 4',6-diamidino-2-
phenylindole (DAPI)-labeled nuclei (blue) in untreated control cells (up-
per panel), after 100 μM tonabersat for 1 h (middle left), 100 μM
tonabersat + NH4Cl for 1 h in serum-supplemented media (middle right),
100 μM tonabersat for 6 h (lower left), or 100μM tonabersat + NH4Cl for
6 h (lower right). White arrows indicate perinuclear labeling of
connexin43; scale bars = 30 μm. Quantification of the total area of
connexin43 plaques per cell following treatment with tonabersat (5–500
μM) for 1 h is seen in (B), and tonabersat (50–500 μM) for 6 h in (C). (B,
C) Normalized to untreated control and expressed as a percentage.
Quantification of the total area of connexin43 plaques per cell following
treatment with tonabersat (50–500 μM) with NH4Cl for 1 h is seen in (E)
and for 6 h in (G) with both figures normaliszed to untreated control and
expressed as a percentage. NH4Cl prevents junctional degradation, indi-
cating that it would otherwise occur via the lysosomal pathway. No sig-
nificant difference in connexin43 labeling was present between untreated
control and 10 mM NH4Cl or vehicle control [0.5% dimethyl sulfoxide
(DMSO)] alone for (D) 1 h or (E) 6 h. Confluent monolayers of ARPE-19
cells were incubated with DMSO (vehicle control), or with 50 μM
tonabersat for 1 h and relative connexin43 mRNA levels were then
assessed. (H) Tonabersat has no effect on connexin43 transcription.
Values represent mean ± SEM. One-way analysis of variance followed
by Tukey’s multiple comparisons test. *p < 0.05; **p < 0.01 ***p <
0.001; n = 3 wells per treatment for each of 2 independent experiments
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amplitude observed at the highest flash intensity, 2.1 log cd.s/
m2, was improved at both 1 week and 2 weeks post-light
damage with statistically significant differences (p < 0.01
and p < 0.001, respectively) (Fig. 4E).

The sparing effect of tonabersat on the retina after bright-
light damage was also investigated using OCT. Figure 5
shows in vivo imaging of the retinal and choroidal layers in
the sham rats and tonabersat-treated rats. Retinal layers were
thinner than the average normal SD rat retina in the sham-
treated, light-damaged rat eyes, although there were no signif-
icant fundus changes observed over the 2-week period
(Fig. 5A). There was a significant thinning of the outer nuclear
layer (ONL) in the postinjury sham-treated group compared
with the thickness of this layer prior to injury (p < 0.001;
Fig. 5C). In contrast, there was no significant loss in ONL
thickness in the tonabersat-treated group at any time point
compared with retinal thickness prior to the injury. There
was also a significant loss in choroid thickness in the sham-
treated group compared with the choroid thickness prior to
injury (p < 0.001; Fig. 5D). As for the ONL there was no

decrease in choroid thickness in the tonabersat-treated group
compared with choroid thickness prior to the injury.

Discussion

A major finding of this study is that tonabersat significantly
inhibits connexin hemichannel opening. Exposure to high
concentrations of tonabersat in vitro (> 100 μM) uncoupled
GJs with sustained long-term treatment causing connexin43
plaques to be targeted for internalization and degradation via
the lysosomal pathway. Even at a concentration of 200 μM,
however, about 50% of functional GJ communication,
assessed using the LY scrape-loading assay, was retained fol-
lowing prolonged 24-h exposure. While immunohistochemis-
try indicated internalization of connexin43 plaques with
tonabersat treatment, based on data from the scrape-loading
assay it appears that a number of functional GJ channels re-
main dispersed within the membrane. In contrast, exposure to
low concentrations of tonabersat (10μM) effectively inhibited

Fig. 4 Tonabersat treatment reduces the loss of retinal function in the
bright-light damage model (6 animals per group, 12 eyes analyzed).
Representative electroretinogram (ERG) waveforms for light intensities
ranging from –3.9 to 2.1 log cd.s/m2 of sham-treated ?? (LD) and
tonabersat-treated animals in a light-damaged rat retina model.
Tonabersat leads to significantly improved a-wave amplitude compared

with (A) sham-treated and (B) b-wave amplitude compared with sham-
treated (assessed at 2 weeks). (C) Rod PIII amplitude, (D) rod PII ampli-
tude, and cone PII amplitude in the ERG analysis are all improved after
tonabersat treatment compared with sham treatment, with improvement
increasing over time. *p < 0.05, ** p < 0.01, ***p < 0.001, ****p <
0.0001
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connexin43 hemichannel-mediated ATP release during injury
and reperfusion, with no apparent effect on cell-to-cell cou-
pling. This was consistent with reduced damage seen in an
established model of in vivo injury, the retinal bright light
damage model, previously used to show the effects of
Peptide5 connexin hemichannel block on reducing inflamma-
tion and preserving retinal function and integrity [50].

Extracellular calcium levels fall following brain injury [76]
and at the same time the injured brain is subject to acidosis
[77]. The injured site is also subject to glucose and oxygen
deprivation that leads to energy failure and oxidative stress.
Therefore, in our in vitro hemichannel assay, we used hypoxic
acidic ion shifted Ringer solution [78] as it most closely re-
sembles the complex changes of an acute insult that extends to
reperfusion injury in vivo [40, 71].We used the hypoxic acidic
ion-shifted Ringer solution to stimulate hemichannels to open
in hCMVEC, mimicking injury conditions and quantified the

amount of ATP released into the extracellular space as a func-
tion of channel activity. As pannexin channels can also per-
meate ATP in endothelial cells [79], and have also been pro-
posed to open under injury conditions [80], connexin mimetic
peptide, Peptide5, at 100 μM concentration [56] and 1 mM
probenecid [66] were used to establish the model and to dis-
criminate connexin43 hemichannel and pannexin channel
function, respectively. During ischemia, ATP release from
connexin hemichannels was seen to be 1.5 times that released
from pannexin channels and the combination of Peptide5 and
probenecid reduced the level of ATP release to near that of the
nonspecific channel blocker CBX.

Using the in vitro injury model described above then, we
have shown a concentration-dependent inhibition of connexin
hemichannels by tonabersat. A low tonabersat (10 μM) con-
centration was the most effective at inhibiting hemichannel
opening, and it was surprising that 100 μM tonabersat was

Fig. 5 Tonabersat treatment in the light-damaged rat model prevents the
loss of both retinal and choroidal thickness. Representative fundus and
optical coherence tomography (OCT) images of sham-treated animal ret-
ina are seen in (A) and tonabersat-treated animal retina in (B) 2 weeks
postinjury and treatment. A green scanning line on the fundus image
represents the exact location of the cross-sectional OCT image (n = 6

per group). Both the outer nucleus layer and choroid thickness is reduced
in the injured but sham-treated animals, but retinal thickness was pre-
served with tonabersat treatment. The thickness of the (C) choroid and
the (D) outer nuclear layer are expressed as mean ± SD. ****p < 0.0001
LD = ??; ONL = outer nuclear layer; Ch = choroid
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not as effective in lowering ATP release as 10 μM tonabersat.
As higher tonabersat concentrations were not linked to cell
toxicity, it is possible that tonabersat may have dual effects
during ischemic injury whereby connexin hemichannels are
targeted for inhibition, but pannexin channels may be trig-
gered to open in an off-target effect. While further research
is required to confirm any action of tonabersat on pannexin
channels, our present data suggest that a low concentration of
tonabersat combined with a pannexin channel blocker, such as
probenecid, may be most effective during ischemic injury
in vitro.

Ischemia is not a single event, and cellular injury to
peritraumatic regions is attributed to lesion spread
postischemia [81]. Connexin43 hemichannels have been
shown to be upregulated 4 to 8 h after injury in several
in vivo models [37, 43, 46, 53, 54], and this has been linked
to cell swelling [82, 83], vessel leak, inflammation, and cell
death [16, 37, 84]. As discussed above, connexin hemichan-
nels open in response to conditions that are typical of ische-
mia, but whether hemichannels open both during and after the
initial ischemic injury has been debated. Therefore, we also
created post-ischaemia–reperfusion conditions in vitro by
returning to normal physiologic conditions after 2 h in
HAIR solution. Postischemia, connexin hemichannels
accounted for almost all ATP release (Fig. 1D). Importantly,
tonabersat at 10 μM concentration was shown to be compa-
rable to 100 μM of Peptide5 in inhibiting ATP release from
hCMVEC. These data suggest that a low concentration of
tonabersat alone can inhibit connexin hemichannel-mediated
ATP release postischemia.

Tonabersat-mediated inhibition of ATP release through
connexin43 hemichannels could have implications for attenu-
ating inflammation and inflammasome activation postinjury
(for review see [40, 84]). Intracellular ATP is crucial for ener-
gy transfer [85], but a rapid increase of extracellular ATP upon
ischemia [86], spinal cord injury [42], or epilepsy-initiated
seizures [87] can activate ATP-gated receptors (i.e., P2X re-
ceptors) expressed on the surface of astrocytes and microglia
[88], leukocytes [89], and endothelial cells [90]. This event is
associated, in particular, with the activation of the NLR pyrin
domain containing 3 inflammasome protein complex, a major
component of the innate immune system [91]. The NLR pyrin
domain containing 3 inflammasome protein complex pro-
motes the maturation and release of proinflammatory cyto-
kines, such as IL-1β and IL-18 [92, 93]. These proinflamma-
tory cytokines can induce secondary damage at the systemic
level (sepsis) [94], as well as local lesion spread in the
peritraumatic region, including proliferation of astrocytes
(astrogliosis) [95].

In an in vivo bright light-induced retina damage model, the
inflammatory response starts in the choroid before leading to
oxidative stress in the retina, and those changes are associated
with increased connexin43 expression [54]. Loss of retinal

function can be attributed to open connexin43 hemichannels
as a low dose of connexin43 mimetic Peptide5 that targets
connexin43 hemichannels but not GJ [56], significantly im-
proved functional outcomes [50]. Better functional outcomes
for neurons in both the rod and cone phototransduction path-
ways was likely owing to reduced choroid inflammation and a
suppressed glial-mediated inflammatory response bought
about by hemichannel block. We have applied the same
in vivo model used by [50] to show that tonabersat may also
be protective against functional loss following retinal bright-
light damage, reported to be a model for the dry form of age-
related macular degeneration [96]. Tonabersat was delivered
by intraperitoneal injection to provide a final circulating con-
centration of 10 μM (assuming total uptake and a 20 ml blood
volume), selected to match the optimal concentration in the
in vitro ATP release assay.

In most phase II clinical trials that involve tonabersat for the
treatment of migraine, it has been used at a daily dosage of 20 to
80 mg [7]. Tonabersat has also been proposed as a treatment for
epilepsy [97, 98]. Our study adds to previous work where a
single dose of tonabersat (10 mg/kg) was reported to counteract
the proinflammatorymediator-induced upregulation of connexin
26 GJ expression between trigeminal neurons and satellite glial
cells, and was attributed to affecting the p38–MAPK pathway in
the CNS [12]. From our current understanding, there is no evi-
dence showing that tonabersat is specific to connexin26 channels
or the p38–MAPK pathway. Whilst tonabersat has been pro-
posed to bind with high affinity to a stereoselective, yet unspec-
ified site in the CNS of human and rat [1] it may also not be
CNS-specific. The dose used in most previous animal studies
(10 mg/kg) is significantly higher than that used in our study
(0.32 mg/kg). We showed that high concentrations of tonabersat
induced connexin43 GJ internalization with protein sent for deg-
radation via the lysosomal pathway, although about 50% of
functional GJ coupling was retained even following prolonged
24-h exposure to tonabersat at a high concentration of 200 μM
in vitro. Surprisingly, an increase in labeling in the NH4Cl
control-treated cells was not observed, which may reflect a re-
striction in labeling of connexin protein within endocytosed ves-
icles (steric hindrance or vesicle permeabilization) using our
immunohistochemistry protocol. Both our in vitro and in vivo
data support the idea that tonabersat may be acting primarily as a
connexin43 hemichannel blocker, with any upregulation previ-
ously reported for connexin26 expression possibly a down-
stream consequence of reduced inflammation.

Connexin43 expression is often elevated after injury, as
seen in spinal cord injury [55, 99], CNS ischemia [37,
100, 101], retinal injury [50], epilepsy [102], and in
chronic disease such as Huntington’s disease [103]. This
is not always the case (for review see [84]), but it is also
increasingly evident that hemichannel opening probability
may increase under injury and disease conditions, where
cell-to-cell coupling is reduced [27, 30, 104–108].
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In conclusion, we provide evidence for novel mechanisms of
action of tonabersat that include a direct and immediate block of
connexin hemichannels, and, at higher concentrations, a
concentration- and time-dependent inhibition of connexin43 GJ
coupling. Both connexin hemichannels and pannexin channels
mediate ATP release during ischemic injury in microvascular
endothelial cells, but connexin hemichannels appear to be the
primary contributor toATP leak postinjury. Short-term exposure
to low concentrations of tonabersat effectively inhibited
connexin43 hemichannel-mediated ATP release during injury
but especially during reperfusion in vitro, and thiswas consistent
with reduced loss of retinal function and integrity in an in vivo rat
bright-light injurymodel of retinal damage.We conclude, there-
fore, that tonabersat is not glia neuron-specific aspreviously sug-
gested, is not restricted to connexin26 expression modulation,
and does not affect connexin43 protein synthesis. Instead,
tonabersat appears to be acting primarily and directly on
connexin hemichannels to reduce channel opening under injury
conditions.Tonabersatmayofferanorallyavailableapproachfor
various injuries and chronic inflammatory disease indications,
includingmuscular dystrophy [109], amyotrophic lateral sclero-
sis [110], CNS trauma [43, 44], stroke or ischemia [46, 47, 111,
112], glaucoma, diabetic retinopathy and macular degeneration
[37, 49, 50, 54, 113], as well as Alzheimer’s disease [110, 114],
chronic pain [115], and infectious disease [116] where connexin
hemichannels are implicated in injury spread and the perpetua-
tion of inflammatory processes, especially through the
inflammasome pathway [40, 84, 109].
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