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PURPOSE. Drugs that regulate connexin43 (Cx43) gap junction channels can reduce the spread
of injury and improve functional outcomes after nervous system trauma. In the eye, Cx43
expression increases in the choroid following light damage. The aim of this study was to
investigate whether Cx43 hemichannel block could preserve retinal function postinjury.

METHODS. Light damage was induced by exposure of adult albino Sprague-Dawley rats to 2700
Lux light for 24 hours. Intravitreal injections of a Cx43 mimetic peptide hemichannel blocker,
Peptide5, or sham were administered 2 hours after the onset and at the end of the light
damage period. Retinal function was assessed by electroretinogram and inflammatory
responses in the choroid and retina were assessed using immunohistochemistry (ionized
calcium binding adaptor molecule 1 [Iba-1], leukocyte common antigen [CD45], glial fibrillary
acidic protein [GFAP]).

RESULTS. Light-damaged rat eyes had (1) reduced neuronal responses in both the rod and cone
pathways and (2) marked inflammatory responses in the choroid and retina. Peptide5
significantly preserved function of photoreceptoral and postphotoreceptoral neurons in these
animals. This was evident 24 hours after injury and 2 weeks later, as shown by improved mixed
a-wave and mixed b-wave amplitudes, isolated rod PII and PIII amplitudes, and cone PII
responses when compared with sham-treated controls. Retinal thinning and inflammation were
also significantly reduced in Peptide5-treated eyes when compared with sham-treated controls.

CONCLUSIONS. Blocking Cx43 hemichannels after light damage can significantly improve
functional outcomes of neurons in both the rod and cone photo-transduction pathways in the
light-damaged animal model, likely by reducing choroid inflammation and suppressing the
glial-mediated inflammatory response. These data may have relevance for the treatment of
conditions such as diabetic retinopathy and age-related macular degeneration.
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The choroid is the primary vascular structure supplying
oxygen and nutrients to the outer neural retina. Many

retinopathies are associated with choroidal degradation, such as
diabetic retinopathy and age-related macular degeneration
(AMD).1–3 Thinning of the choroid, decreased choroid blood
vessel density, and reduced choroid blood circulation precede
the pathogenesis of both early and late stages of AMD.3–6 It is
intriguing to consider the possible role of choriocapillaris
degradation in drusen formation between the Bruch’s mem-
brane and the retinal pigment epithelium and chronic
inflammation with activated macrophages found in the choroid
from patients with AMD.7,8 It has also been suggested that
proinflammatory and angiogenic cytokines released from
activated macrophages/monocytes in the choroid contribute
to progression to the more severe neovascular stage of AMD.7,9

In the central nervous system, connexin 43 (Cx43) is the
most ubiquitous gap junction protein and is primarily expressed

in astrocytes and the vascular endothelium.10,11 It is recognized
as playing an important role in the inflammatory responses.12–14

In human and rat retinae, Cx43 is mainly expressed in Müller
cells, astrocytes, vascular endothelium, and retinal pigment
epithelium.15–18 Increased Cx43 immunoreactivity has been
shown in human retina associated with glaucoma19 and
following optic nerve injury.20 In a light-damaged albino rat,
Cx43 expression is significantly elevated in the choroid within 6
hours following light damage.21 It has been suggested that the
opening of Cx43 hemichannels may be involved in adenosine
triphosphate (ATP) depletion, which causes necrosis and/or
apoptosis,22 and also in ATP release, a key mediator of the
inflammasome pathway.23 Cx43 hemichannel opening has also
been found in endothelial cells exposed to hypoxia as well as
endothelial cell death and vessel leak.24,25

Cx43 mimetic peptides reduce inflammation by blocking
connexin hemichannels.26,27 Peptide5, the Cx43 mimetic
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peptide used in this study, reduces lesion spread and
inflammation and has neuroprotective effects following spinal
cord injury leading to improved functional outcomes.26,27

Local brain administration of Peptide5 via an intracerebroven-
tricular catheter also led to significantly improved brain
functional outcomes in a model of fetal sheep global cerebral
ischemia induced by bilateral carotid artery occlusion28 and
asphyxia29 as well as in a retinal ischemia-reperfusion rat model
where systemic administration of Peptide5 prevented vessel
leak and reduced inflammation, with a downstream neuropro-
tective effect on retinal ganglion cells.24

The present study investigated the effect of blocking Cx43
hemichannels on retinal function in the light-damaged albino
rat, an acute injury model but one that shows some of the
inflammation characteristics of AMD.30 We hypothesized that
applying Peptide5 would lead to downregulation of the
inflammatory response in the damaged ocular tissue, reducing
the extent of damage and limiting loss of retinal function.
Optical coherence tomography (OCT) and fundus imaging
were used to assess changes in retinal and choroid structure.
The electroretinogram (ERG) was employed in the assessment
of retinal function, and microglia- and macrophage-mediated
inflammatory responses were investigated in the ocular tissues.

METHODS

Animals

Adult Sprague-Dawley (SD) rats (200–250 grams, male or
female) were used in this study. A total of 33 rats were used in
the present study: 12 rats were used for validation of the light-
damaged (LD) animal model (six rats in the light-damaged
group and six rats in the non–light-damaged control group); 13
rats were used for the evaluation of Peptide5 short-term effect
(seven rats in the Peptide5-treated group and six rats in the
sham-treated group); eight rats were used for the evaluation of
the Peptide5 long-term effect (four rats were used in the
Peptide5-treated group and four rats in the sham-treated
group). The SD rat is an albino strain which allows the
induction of photoreceptor degeneration in adult animals.30–32

Animals were sourced from the Vernon Jansen Unit at the
University of Auckland (Auckland, New Zealand). Animals
were born and housed in normal cyclic light conditions (12
hours light [174 lux]:12 hours dark [< 62 lux]) until exposed
to the intense light protocol. All experimental procedures
described in this study were approved by the University of
Auckland Animal Ethics Committee and were in compliance
with the guidelines for the use of animals in vision research
established by the Association for Research in Vision and
Ophthalmology.

Light Damage Procedure

To induce light damage, adult SD rats were exposed to bright
light for 24 hours. Light exposure started consistently around
9:00 AM to minimize damage caused by variations in time-of-
day exposure.33 The light luminance was 2700 lux, created by
placing fluorescent light lamps (Philips Master TLD 18W/965;
Koninklijke Philips Electronics N.V., Shanghai, China) directly
above the rat cages. The light source covered broad-band
fluorescence from 380 to 760 nm, with no extra heat
generated. The average intensity at the top of the cage was
120 W/m2. This broad-band fluorescence light has been used
in previous studies on albino rats.21,32 The light damage
process was continuous otherwise, except for approximately
10 minutes interruption in the treatment groups (both
Peptide5- and sham-treated groups) because of anesthesia

and the first dose treatment. Animals were able to move freely
in the cage and had access to food and water at libidum. Non–
light-damaged SD rats were used as control animals.

Preparation of Cx43 Mimetic Peptide

For experiments involving Cx43 hemichannel blockade, we
used Peptide5, a synthetic peptide designed to match
sequences in the second extracellular loop of Cx43.34 The
peptide (H-Val-Asp-Cys-Phe-Leu-Ser-Arg-Pro-Thr-Glu-Lys-Thr-
OH; molecular weight: 1396) targets Cx43 extracellular loops
and was custom manufactured by Auspep Pty. Ltd (Tullamar-
ine, Australia).26 The peptide was purified by high-perfor-
mance liquid chromatography and the structure confirmed by
analytical high-performance liquid chromatography and mass
spectral analysis. For delivery, Peptide5 was dissolved in saline
(0.9% NaCl solution), and 4 lL of 280 lM Peptide5 was
injected to achieve 20 lM as the final concentration in the
vitreous based on an estimated rat vitreous volume of 56 lL.35

The final 20 lM predicted concentration was expected to
prevent hemichannel opening but not to uncouple gap
junctions.26 In a preliminary experiment, fluorescein isothio-
cyanate–conjugated Peptide5 was employed to ensure perme-
ability of the peptide as far as the choroid following intravitreal
injection, but all subsequent experiments were with unmod-
ified peptide. An intravitreal injection of an equivalent volume
of vehicle (saline) was used as sham control.

Administration of Cx43 Mimetic Peptide

Preliminary results from animals treated with one dose of the
peptide before or after light damage or two doses at various
time points indicated that a treatment regime that consists of
drug administrations at 2 hours following the initiation and
immediately at cessation of the intense light exposure was the
most effective.

During the injections, animals were deeply anesthetized
with an intraperitoneal injection of ketamine (75 mg/kg) and
domitor (0.5 mg/kg). After the animals were fully anesthetized,
4 lL of either Peptide5 or sham was injected into the vitreous
of both eyes either during or after the light exposure protocol
(because both eyes are by necessity exposed to the light
damage). Warm water bottles were used to maintain body
temperature during recovery from anesthesia. A Hamilton
syringe (GasTight #1705, Hamilton Co., Reno, NV, USA) with
maximal volume of 10 lL attached to a 30 G 3 ½ needle
Precision Glide TM (Becton Dickinson & Co., Franklin Lakes,
NJ, USA) was used for the injection. To avoid damage to the
lens, the injection was made gently to the temporal side of the
eye after rotating the eyeball to the nasal side by holding the
bulbar conjunctiva. The lens clarity remained the same
following intravitreal injections in all of the rats included in
the present study. The animals were then injected with
atipamezole (1 mg/kg) to reverse the sedative effects and the
intense light exposure protocol continued for additional 22
hours.

ERG Recording

The procedure was adapted and modified based on a previous
study.36 Animals were dark-adapted overnight for 12 to 14 hours
before being anesthetized for the ERG recordings, which were
taken 24 hours and 2 weeks after the light damage period. The
pupil was dilated with 1% Tropicamide (Bausch & Lomb New
Zealand Ltd., Auckland, New Zealand), and the cornea was
maintained hydrated with 1% carboxymethylcellulose sodium
(Celluvisc, Allergan, CA, USA) throughout the entire ERG
recording process. Electroretinograms were recorded simulta-
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neously from both eyes using homemade silver chloride
electrodes. The active electrode was U-shaped and kept in
contact with the center of the cornea. The inactive electrode
was V-shaped and was hooked around the front teeth and in
contact with the wet tongue. Body temperature was maintained
at 378C with a warm water bottle. The light stimulus was
generated from a photographic flash unit (Nikon SB900 flash;
Nikon, Tokyo, Japan) via a Ganzfeld sphere and elicited twin-
flashes with stimulus intervals of 0.8 milliseconds. Flash
intensity range was from�3.9 to 2.1 log cd.s/m2 attained using
neutral density filters. Waveforms were recorded by using Scope
software (AD Instruments, Bella Vista, NSW, Australia).

ERG Data Analysis

The method of ERG analysis was reported in a previous study36

and adapted to our experimental conditions. The a-wave
reflects the rod photoreceptor response with postphotorecep-
tor response reflected by the b-wave. The amplitude of the a-
wave was measured between the prestimulus baseline and the
trough of the waveform. The amplitude of b-wave was
measured between the a-wave trough and the peak of the
waveform or between the baseline and the peak of the
waveform if there was no a-wave. The implicit times of a- and
b-waves were measured from the stimulus onset to the trough
of the a-wave or the peak of the b-wave, respectively.36,37

The amplitudes of a- and b-waves from the mixed-rod and
cone responses were plotted as a function of intensity and
modeled using the Michaelis-Menten function.38 The equation
used was the following:

R ¼ Rmax 3
In

In þ Kn

where Rmax (lV) is the maximum amplitude, I (log cd.s/m2) is
the stimulus intensity, n is an exponent related to the slope of
the function, and K (log cd.s/m2) is the intensity for
semisaturation. At the highest intensity light response (2.1
log cd/m2), the rod and cone pathway waveforms were
isolated using a twin flash paradigm and modelled. For the rod
response, the a-wave was modeled (rod PIII) using a nonlinear
function.39 The equation was the following:

PIIIði 3 tÞ ¼ 1� exp �1=2 3 i 3 S 3ðt � tdÞ2
� �� �

3 Rmax

In this equation, PIll represents the current generated by all
the photoreceptors as a function of stimulus intensity (i, cd.s/
m2) and time (t, seconds). Rmax (lV) is the saturated amplitude
from the stimulus; S (sensitivity) characterizes the gain of
photo-transduction process (m2 / cd 3 s3), and td (seconds) is
the time latency between the stimulus onset and the start of
the response.

The rod b-wave was isolated by subtracting the Rod PIII
from the raw waveform and modeled (Rod PII) using an
inverted gamma function. The oscillatory potentials (OPs) are
another way of investigating inner retinal function. OPs were
isolated by subtracting the raw b-wave from the rod PII.36,40

Both the summed amplitude and implicit time of OPs 2, 3, and
4 were analyzed.

Optical Coherence Tomography Imaging

A spectral-domain optical coherence tomography (SD-OCT;
Micron IV; Phoenix Research Laboratories, Pleasanton, CA,
USA) was employed to investigate the thickness of the retinal
layers in Peptide5- or sham-treated LD rats. This procedure was
performed immediately after ERG recordings under the same
anesthesia and pupil dilation.41 Rats were placed on a 378C
heating pad to keep body temperature and to prevent the

development of cold cataracts. Dilated eyes were covered with
Poly Gel (containing 3 mg/g Carbomer; Alcon Laboratories, Pty
Ltd., New South Wales, Australia), and the retina was imaged by
approaching the OCT lens to the gel. StreamPix 6 software,
version 7.2.4.2 (Phoenix Research Laboratories) was employed
for image acquisition. The SD-OCT horizontal line B-scan had 2
lm axial resolution 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, version 1.1.5207 (Phoenix Research Labora-
tories) to calculate the thickness of the retinal layers. Total
retinal thickness was measured from the retinal pigment
epithelium to the edge of the nerve fibre layer. The thickness of
the inner and outer nuclear layers were also measured.

Tissue Collection and Processing

After completion of the ERG recordings and OCT scanning
(where it applies), rats were perfused transcardially with saline
for 2 to 3 minutes followed by 4% paraformaldehyde in a 0.1 M
phosphate buffer under anesthesia. The detailed protocol has
been described in a previous study.21 The tissue was fixed in
4% paraformaldehyde for 30 minutes, followed by washing in
0.1 M phosphate buffer saline (PBS) pH 7.4. The tissue was
then cryo-protected in 10%, then 20% sucrose solutions at
room temperature for 30 minutes each and in 30% sucrose
solution at 48C overnight. The tissue was then embedded and
mounted in optimum cutting temperature compound (Sakura
Finetek, Torrance, CA, USA) and cryo-sectioned (16-lm section
thickness) in the vertical plane to the retina using a Leica
CM3050 S cryostat (Leica, Heidelberg, Germany). The sections
were collected onto Superfrost Plus slides (Labserv, Auckland,
New Zealand), and the slides were stored at �208C until
required for immunolabeling or staining procedures.

Immunohistochemistry and Imaging

Frozen tissue sections were thawed at room temperature for 10
minutes and washed in 0.1 M PBS. Excess moisture was
removed and sections were encircled with a PAP pen (Life
Technologies, Camarillo, CA, USA). Sections were blocked with
6% normal goat serum (Sigma-Aldrich Corp., St. Louis, MO,
USA) or normal donkey serum (Invitrogen, Frederick, MD,
USA), 1% bovine serum albumin, and 0.5% Triton X-100 in 0.1
M PBS for 1 hour at room temperature. The primary antibodies
(Table 1) were diluted in 0.1 M PBS containing 3% normal goat
serum or normal donkey serum, 1% bovine serum albumin, and
0.5% Triton X-100 and were applied overnight in a volume
sufficient to cover the tissue sections. Slides were then washed
in 0.1 M PBS three times for 5 minutes each and once for 15
minutes. Secondary antibodies, goat anti-rabbit or goat anti-
mouse conjugated to either Alexa 488 or Alexa 594 (Life
Technologies, Carlsbad, CA, USA) were diluted 1:500 in
antibody solution and applied to the sections for 2 hours at
room temperature. Slides were then washed thoroughly with
0.1 M PBS, incubated with 4 0,6-diamidino-2-phenylindole
(Sigma-Aldrich Corp.) 1 lg/mL in 0.1 M PBS for 15 minutes
to label cell nuclei, and washed again. Negative controls were
processed following an identical protocol except for incubat-
ing with primary antibody solution only or secondary
antibodies only. Sections were then mounted in an antifading
medium (Citifluor, London, UK), and coverslips were sealed
with nail polish.

All images for immunohistochemically labeled sections
were acquired from the superior-central retina. Images were
acquired using a confocal laser scanning microscope (Olympus
FluoView FV1000; Olympus Corporation, Tokyo, Japan) with
405, 473, and/or 559 nm wavelength excitation. A series of
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four to eight optical slices at 1-lm intervals were collected
through each specimen, and image analysis was performed on
an average intensity projection image. All images were
acquired using the same settings. Six retinae obtained from
different animals were analyzed for each group.

Statistical Analysis

Graphing and statistical analyses were performed using
GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA).
All data are presented as the mean 6 standard error of the
mean (SEM). A 2-way analysis of variance (ANOVA) followed by
a Bonferroni posttest was used in the ERG response analysis to
compare the effects of stimulus intensity and light damage
(control versus 24 hours post-LD). A 1-way ANOVA followed by
Tukey’s test was used in the OCT data analysis and in the ERG
response at the intensity of 2.1 log cd.s/m2 to compare control
and LD animals. An unpaired t-test was used for analysis of the
CD45 and ionized calcium-binding adaptor molecule-1 (Iba-1)
immunolabeled cell counts to compare control and LD animals
and to compare sham and Peptide5-treated groups.

RESULTS

Light Damage Caused a Decrease in Retinal
Function and Increased Inflammatory Responses
in Both Choroid and Retina

The 24 hours of intense light exposure decreased retinal
function measured with ERG at 24 hours after the cessation of
light exposure. Representative rod and cone-mixed waveforms
for control and LD rats are presented in Figure 1A. A comparison
of the 24 hours post-LD group to the control group showed a
general loss of mixed a- and b-wave amplitudes at all intensities
(Figs. 1B–C). In particular, the a-wave reduction was significant
at the last five intensities, from 0.1 to 2.1 log cd.s/m2 (n ¼ 6/
group; 2-way ANOVA, P < 0.001; Fig. 1B) and the b-wave
amplitude was significantly reduced at all but the highest flash
intensity (2-way ANOVA, P < 0.01; Fig. 1C). Further rod and
cone responses were analyzed at the stimulus intensity of 2.1 log
cd.s/m2 to determine whether the rod or cone pathways
contributed to the decreased a- and b-waveforms (Figs. 1D–G).
There was a significant reduction in the rod PIII amplitude and
sensitivity in the 24 hours post-LD group when compared with
the control rats (unpaired t-test, P < 0.001; Figs. 1D–E). A
reduction was also observed in both rod and cone PII amplitude
in the 24 hours post-LD group when compared with the control
group (unpaired t-test, P < 0.01; Figs. 1F–G).

To investigate inflammatory responses involved in the
choroid and retina following light damage, two biomarkers
were used to label inflammatory cells in the ocular tissue:
CD45 and Iba-1. CD45, also called the common leukocyte
antigen, is expressed on all hematopoietic cells. CD45 was
employed to identify inflammatory cells derived from the
blood in the choroid. In control rats, a few CD45 immunola-
beled cells were detected, which were limited to the inner
capillary layer of the choroid (Fig. 2A). Following light damage,
these cells had an enlarged, rounded morphology and were
spread throughout the choroid (Fig. 2B). The number of CD45
immunopositive cells was significantly elevated in the light-
damaged group when compared with the control group (n¼6/
group; unpaired t-test, P < 0.01; Fig. 2C).

Iba-1 is a marker for microglia in the retina.42,43 To
determine the proportion of microglia activated in the retina,
the cells immunolabeled with Iba-1 were counted in the inner
(ganglion cell layer and inner plexiform layer), middle (inner
nuclear layer and outer plexiform layer), and outer (outer
nuclear layer and IS/OS area) parts of the retina. In the control
rats, non-LD retina, Iba-1 expression was limited to the
ganglion cell and plexiform layers. There were hardly any cells
detected in the nuclear layers (Fig. 2D). Following light
damage, microglia had thickened projecting processes and
enlarged cell bodies (Fig. 2E, arrow). The number of microglia
did not change significantly in the middle layers of the retina
after light damage compared with the control rats (Fig. 2G).
However, the number of microglia significantly decreased in
the inner retina (unpaired t-test, P < 0.01; Fig. 2F) and
significantly increased in the outer retina post-LD (unpaired t-
test, P < 0.01; Fig. 2H).

Cx43 Mimetic Peptide Preserved Retinal Function
in the LD Rats

Cx43 mimetic peptide, Peptide5 was delivered through
intravitreal injections to block the opening of Cx43 hemi-
channels. A preliminary experiment showed that fluorescein
isothiocyanate–conjugated Peptide5 penetrated throughout the
full thickness of the retina and the choroid within 30 minutes
after intravitreal injection. In subsequent experiments, unmod-
ified Peptide5 was injected at 2 hours following the onset of LD
(as injury will have started by then32), with a second injection
delivered immediately post-LD. The mixed a-wave amplitude in
Peptide5-treated rats was similar to sham-treated LD animals at
the low stimulus intensities (�3.9 to �1.9 log cd.s/m2), but a
significant increase was detected in the Peptide5-treated group
when compared with the sham-treated group at all intensities

TABLE 1. List of Primary Antibodies Used in This Study

Antibody Production Host

Working

Dilution Company Cat No. Immunogen Reference

Anti-CD45 Monoclonal, clone OX-1 Ms 1:20 BD Pharmingen,

USA

550566 CD45-enriched

glycoprotein fraction

from Wistar rat

thymocytes

21, 69

Anti-GFAP Monoclonal, clone G-A-5

Cy3 conjugate

Ms 1:1000 Sigma-Aldrich,

USA

C9205 The carboxy terminal Cys

II fragment of GFAP and

the N-terminal part of

the tail sequence of the

molecule

24

Anti-Iba1 Polyclonal Gt 1:250 Abcam, USA Ab5076 Synthetic peptide

corresponding to amino

acids 135-147 of human

Iba1

21, 70
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above 0.1 log cd.s/m2 (n ¼ 6/group; 2-way ANOVA, P < 0.05;
Fig. 3A). Peptide5- and sham-treated groups showed similar
implicit time for mixed a-waves (data not shown). In addition,
Peptide5-treated rats had a significantly higher amplitude of
mixed b-wave than that of sham-treated rats at all intensities
greater than 0.1 log cd.s/m2 (2-way ANOVA, P < 0.01) except
for the highest flash intensity (2.1 log cd.s/m2), which did not
reach statistical significance (Fig. 3B).

The isolated rod and cone functions were also analyzed
following treatment with sham or Peptide5. The rod PIII
response showed significantly increased amplitude in the
Peptide5-treated group (unpaired t-test, P < 0.01; Fig. 3C) and
a trend toward increased sensitivity in the Peptide5-treated
group when compared with the sham-treated group (Fig. 3D).
Peptide5-treated animals also showed significantly increased
rod PII amplitude (unpaired t-test, P < 0.01; Fig. 3E) and a
similar rod PII implicit time (data not shown). The isolated
cone PII response had a significantly higher amplitude
(unpaired t-test, P < 0.05; Fig. 3F) and similar implicit time
in Peptide5-treated group when compared with the sham-
treated group (Fig. 3G). The summed OPs were not statistically
significant between the Peptide5- and sham-treated groups
(data not shown).

Cx43 Mimetic Peptide Reduced the Number of

Inflammatory Cells in the Choroid and the Retina

Following assessment of retinal function, the inflammatory
response was investigated by examining the CD45 and Iba-1
immunoreactive cells. In the choroid, there were fewer CD45-
labeled cells in the Peptide5-treated group when compared with
the sham-treated group (Figs. 4A, 4B). In the Peptide5-treated
tissue, furthermore, the CD45þ cells were in their resting state
with small and oval-shaped cell bodies (arrow in Fig. 4B). Statistical
analysis showed the number of CD45þ cells was significantly less

in the Peptide5-treated animals when compared with the sham-
treated animals (unpaired t-test, P < 0.001; Fig. 4G).

Iba-1 was employed to evaluate the retinal microglial
response. In sham-treated retina, Iba-1 immunolabeled microg-
lia were located in the inner and outer nuclear layers,
indicating their association with retinal neuronal cellular injury
(Fig. 4C). In Peptide5-treated retina, microglia were limited to
the plexiform layers and the ganglion cell layer (Fig. 4D),
which is comparable to non-LD control retina (Fig. 2D).
Quantification analysis showed a significant decrease in the
number of microglia in the inner retinal layers (the ganglion
cell layer and the inner plexiform layer, Fig. 4H) and in the
middle layers (the inner nuclear layer and the outer plexiform
layer, Fig. 4I) in Peptide5-treated animals when compared with
sham-treated animals (unpaired t-test, P < 0.05). The Iba-1-
labeled cell count in the outer retina (the outer nuclear layer
and the outer segment/inner segment) showed the greatest
decrease (unpaired t-test, P < 0.001; Fig. 4J).

Glial fibrillary acidic protein (GFAP) was used to examine
the effect of Peptide5 on astrocyte and Müller cell activity in
the retina. There was weaker immunoreactivity for GFAP in the
Peptide5-treated rats when compared with the sham-treated
rats (Figs. 4E–F). Stronger GFAP immunoreactivity associated
with Müller cell processes was observed in sham-treated LD
retina (Fig. 4E). In Peptide5-treated retina, the level of GFAP
immunoreactivity remained normal and was only associated
with astrocytes in the retinal nerve fibre layer (Fig. 4F).

Cx43 Mimetic Peptide Preserves Retinal Function
and Protects Photoreceptors From Degeneration 2
Weeks Post–Light Damage

The long-term effect of Peptide5 was investigated after 2 weeks of
recovery following the light damage. Peptide5-treated rats
showed significantly improved retinal function when compared
with the sham group (Fig. 5). The mixed a-wave and mixed b-

FIGURE 1. Reduced retinal function in LD albino rats. (A) Representative mixed ERG waveforms at stimulus intensities from�2.9 to 2.1 log cd.s/m2

for non-LD control (left) and 24 hours post-LD rats (right). (B) The average mixed a-wave amplitude show significant reduction at intensities of 0.1
to 2.1 log cd.s/m2 in the LD group compared with the control group (2-way ANOVA, P < 0.001). (C) The average mixed b-wave amplitude show
significant reduction at intensities of�2.9 to 1.1 and 1.8 log cd.s/m2 in the LD group compared with the control group (2-way ANOVA, P < 0.01).
(D–G) Extracted average rod PIII amplitude (D), rod PIII sensitivity (E), rod PII amplitude (F), and cone PII amplitude (G) at intensity of 2.1 log cd.s/
m2 show a significant reduction in the LD group compared with the control group (unpaired t-test, P < 0.01). Data are expressed as means 6 SEM
(n¼ 6 in each group). Significant values are indicated with asterisks: **P < 0.01; ***P < 0.001.
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FIGURE 2. Increased inflammatory response in the choroid and the retina following light damage. (A, B) Confocal images showing CD45
immunolabeled cells in the choroid from non-LD control rat (A) and 24 hours post-LD (B). (C) CD45þ cell count is significantly increased in the LD
group compared with the control group (unpaired t-test, P < 0.01). (D, E) Confocal images showing Iba-1 immunolabeled cells in the retina from
non-LD control rat (D) and 24 hours post-LD (E). (F–H) Iba-1 immunolabeled cell counts in the LD group compared with the control group in the
inner retina (F), middle layers of the retina (G), and outer retina (H). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer;
OPL, outer plexiform layer; ONL, outer nuclear layer; OS/IS, outer segment/inner segment. Scale bar: 50 lm. Data are expressed as means 6 SEM (n
¼ 6 in each group). Significant values are indicated with asterisks: *P < 0.05; **P < 0.01; ***P < 0.001.
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wave amplitudes at higher intensities (0.1-2.1 log cd.s/m2) were
significantly increased in the Peptide5-treated group when
compared with the sham-treated group (n ¼ 4/group; 2-way
ANOVA, P< 0.05; Figs. 5A, 5B). This pattern of improvement was
consistent with the mixed waveforms acquired from Peptide5-
and sham-treated rats at 24 hours post-LD (Fig. 3), regardless of
some photoreceptoral function recovery indicated in mixed a-
wave amplitude at 2 weeks post-LD compared to 24 hours post-
LD in both groups. An analysis of the isolated rod function
showed significant improvement in PIII (unpaired t-test, P< 0.01;
Fig. 5C) and PII amplitudes (unpaired t-test, P < 0.05; Fig. 5E) in

the Peptide5-treated group when compared with the sham-
treated group. Rats treated with Peptide5 also demonstrated
significant improvement in cone PII amplitude when compared
with the sham-treated animals (unpaired t-test, P < 0.01; Fig. 5F).

Structural changes in the retina were also investigated in
Peptide5- and sham-treated rats at 2 weeks post-LD using an in
vivo SD-OCT (Figs. 6A, 6B). Importantly, retinal neurons were
protected from degeneration in Peptide5-treated rats, which
retained significantly greater thickness of the inner (unpaired t-
test, P < 0.01; Fig. 6C) and outer nuclear layers (unpaired t-test,
P < 0.01; Fig. 6D) when compared with the sham-treated rats.

FIGURE 3. Electroretinogram analysis of LD-animals treated with Peptide5 or sham at 24 hours post-LD. (A) The Peptide5-treated group shows
significantly improved mixed a-wave amplitude compared with the sham-treated group at stimulus intensities of 0.1 to 2.1 log cd.s/m2 (2-way
ANOVA, P < 0.05). (B) The Peptide5-treated group shows significantly improved mixed b-wave amplitude compared with the sham-treated group at
stimulus intensities of 0.1 to 1.8 log cd.s/m2 (2-way ANOVA, P < 0.01). (C–G) Compared with sham-treated group, Peptide5-treated groups shows
improved rod and cone pathway responses at stimulus intensity of 2.1 log cd.s/m2. There was significantly improved rod PIII amplitude (unpaired t-
test, P < 0.01) (C), a similar rod PIII sensitivity (D), significantly improved rod PII amplitude (unpaired t-test, P < 0.01) (E), and significantly
improved cone PII amplitude (unpaired t-test, P < 0.05) (F). There is a similar cone PII implicit time (G). All data are expressed as means 6 SEM (n¼
7 in Peptide5-treated group and n¼ 6 in sham-treated group). Significant values are indicated with asterisks: *P < 0.05; **P < 0.01; ***P < 0.001.
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FIGURE 4. Administration of Peptide5 reduced inflammatory responses in the choroid and the retina in LD rats. (A, B) Confocal images show sham-
treated LD rat eyes had multiple activated CD45 immunolabeled macrophages with enlarged cell bodies in the choroid (A, arrows), whereas few
were seen in LD but Peptide5-treated rat eyes (B, arrow). (C, D) Confocal images show that in sham-treated rat retinae Iba-1 immunolabeled cells
were detected migrating into the nuclear layers (C), but these cells remained mostly in the plexiform layers in Peptide5-treated rat retinae (D). (E, F)
Elevated GFAP immunoreactivity was seen in LD- but sham-treated rat retinae (E) and normal GFAP immunoreactivity was detected in Peptide5-
treated rat eyes (F). (G) Statistical analysis using unpaired t-test showed CD45þ cell counts were significantly lower in the choroid in of the Peptide5-
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DISCUSSION

Although it is an acute injury model, light damage to the eye of
albino rats results in oxidative stress and inflammation in both
the choroid and the retina that resemble the early pathologic
events seen in AMD.21,44 In this model, Cx43 is increased in the
choroid following light damage21 and the present study
demonstrated that a Cx43 mimetic peptide, Peptide5, at a
concentration considered to block hemichannels but not to
uncouple gap junctions, was able to reduce the inflammatory
response and preserve retinal function. Treatments with
Peptide5 resulted in a better survival rate and functional
response in the rod and cone pathways both short- and long-
term, demonstrated by the significantly improved outcomes
assessed using ERG and SD-OCT.

Intense light exposure causes extensive retinal damage,
prominently on rod photoreceptors in the superior hemi-
sphere when the lighting source is from the ceiling.45 Retinal
light damage and photoreceptor death are detectable as early
as 2 hours after the initiation of intense light exposure.32,46

Photoreceptor loss and extensive retinal remodeling remain for
60 days or more.30,45,47 The present study demonstrated
positive effects on the preservation of retinal functions and
protection from retinal remodeling, with the benefits persist-
ing in Peptide5-treated rats when compared with sham-treated
animals.

In the light-damaged albino rat model, the retinal pigment
epithelium (RPE) and choroid respond quickly to intense light
exposure, with oxidative stress and inflammatory response
peaking in the RPE/choroid before they do in the retina.21 This
damage in the RPE/choroid is thought to initiate or accelerate
neuronal cell death processes in the retina following intense
light exposure. The upregulation of Cx43 in the choroid
correlates with increased infiltration of inflammatory cells.21

The administration of Peptide5 significantly suppressed the
macrophage-mediated inflammatory response in the choroid.
Peptide5 was also effective in preventing activation of retinal
microglia, which in the LD model may release neurotoxic
factors, inducing neurons to start or continue the cell death
process.48 Abundant free radical nitric oxide and reactive

FIGURE 5. Electroretinogram analysis of mixed a- and b-wave responses 2 weeks after LD animals were treated with Peptide5 or sham. (A) The
Peptide5-treated group shows significantly improved mixed a-wave amplitude compared with the sham-treated group at stimulus intensities of 0.1
to 2.1 log cd.s/m2 (2-way ANOVA, P < 0.05). (B) The Peptide5-treated group shows significantly improved mixed b-wave amplitude compared with
the sham-treated group at stimulus intensities of 0.1 to 1.8 log cd.s/m2 (2-way ANOVA, P < 0.01). (C–G) Extracted average rod PIII amplitude (C),
rod PIII sensitivity (D), rod PII amplitude (E), cone PII amplitude (F), and cone PII implicit time (G) at intensity of 2.1 log cd.s/m2 show a significant
reduction in amplitude in the LD-treated group compared with the sham group. Data are expressed as means 6 SEM (n ¼ 4 in each group).
Significant values are indicated with asterisks: *P < 0.05; **P < 0.01; ***P < 0.001.

treated group compared with the LD- but sham-treated group (P < 0.001). (H–J) Quantification analysis showed a significantly decreased number of
Iba-1 immunolabeled microglia in all the layers in the LD- but Peptide5-treated group compared with the sham-treated group (P < 0.05). The cell
count in the outer retina showed the most significant decrease (G; P < 0.001). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear
layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Scale bar: 50 lm. All data are expressed as means 6 SEM (n ¼ 6 in each group).
Significant values are indicated with asterisks: *P < 0.05; **P < 0.01; ***P < 0.001.
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nitrogen oxides have been detected in activated microglia and
have been suggested to be neurotoxic agents involved in
neurodegenerative diseases.49,50 In this study, therefore,
Peptide5 appears to have abrogated a significant portion of
the continuing damage spread resulting from bright light
damage, with downstream benefits evident at least through to
2 weeks postinjury. Nonetheless, Marc et al.30 have demon-
strated that photoreceptor degeneration and extensive retinal
remodeling may be continuing even 60 days following intense
light exposure. They reported that the onset of remodeling is
rapid, with immediate signs of metabolic stress in multiple cell
types, including photoreceptors, the retinal pigmented epithe-
lium, Müller cells, and the choriocapillaris. After the initial
stress phase, damage progresses to focal photoreceptor
degeneration within 14 days and extensive remodeling by 60
days. It will be interesting to pursue longer term studies to
determine whether the benefits of Peptide5, acting during the
initial damage phase, extend to this full period.

The bystander effect has been suggested to play a role in the
pathogenesis of retinitis pigmentosa with apoptotic signals
from dying rods transferred through intercellular gap-junction-
al channels to neighboring healthy cones.51 Despite the
demonstrated upregulation of connexins, we do not propose,
however, that a bystander effect is evident in the effects
demonstrated here. Intense light exposure causes alterations to
endothelial cells of the choriocapillaris, which triggers the
inflammatory response associated with Cx43 hemichannel
opening. Previous in vitro and in vivo studies have suggested
that Peptide5 functions by blocking the uncontrolled opening
of Cx43 hemichannels,24,26,28 which are primarily kept closed
under physiological conditions.52 Peptide5 was designed to

match a portion of Cx43 extracellular loop two.26 Under
pathologic conditions, hemichannel opening causes cytoplas-
mic oedema (and cell rupture), and particularly Cx43 hemi-
channels have been identified on cytoplasmic processes of the
glial cells52–54 involved in ATP release, the onset of calcium
waves25 and activation of the inflammasome pathway,23 and
may result in the release of ATP and glutamate as well as the
establishment of calcium waves.54 Peptide5 has previously
been shown to reduce vessel leak and inflammation following
central nervous system (CNS) injury, promote glial and
neuronal survival, or provide improved functional outcomes
in several CNS models.24,25,28,29,55 (For a full review of
hemichannel roles in CNS injury, see, e.g., Refs. 23, 25, 54,
56–59.)

Peptide5 may, in addition, work directly on RPE cells
because ATP-mediated paracrine intercellular communication
through Cx43 hemichannels also occurs in the RPE.60 RPE cells
under oxidative stress are known to increase the release of
basic fibroblast growth factor, which could lead to sustained
pathologic angiogenesis in the choroid,61 and to secrete
proinflammatory factors associated with the inflammasome
pathways, including Interleukin-1b, Interleukin-6, tumor ne-
crosis factor-a, and granulocyte macrophage-colony stimulating
factor.23,62

In particular, however, capillary dysfunction is reported to
precede a number of degenerative CNS diseases, including
Alzheimer’s and Parkinson’s disease63–65 as well as AMD3–6 and
diabetic retinopathy.2,66 The regulation of Cx43 channels has
been shown to protect the vascular bed after retinal ischemia
reperfusion and after spinal cord injury, with a corresponding
reduction in the inflammatory response,24,67 and it is of note

FIGURE 6. Retinal morphology treated with Peptide5 or sham at 2 weeks post-LD. Retinal morphology in sham-treated rats shown in representative
fundus image (A) and SD-OCT image (B) in comparison with retinal morphology in Peptide5-treated animals shown in fundus image (C) and SD-OCT
image (D). Quantification of the inner retinal layer (E) and the outer retinal layer (F) layer thickness. INL, inner nuclear layer; ONL, outer nuclear
layer. All data are expressed as means 6 SEM (n¼ 4 in each group). Significant values are indicated with asterisks: **P < 0.01.
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that in the longer term a reduction in choroid circulation has
been reported to be responsible for delayed photoreceptor loss
in the light damage model used in this study.68 It remains to be
seen whether Peptide5 is having a direct effect on choroidal
endothelial cell survival as it does after injury in the retinal
ischemia-reperfusion model.24

In summary, findings from the present study show that
locally blocking Cx43 hemichannels with an intravitreal
injection of the Cx43 channel blocking mimetic peptide,
Peptide5, can significantly improve the function of neurons in
the rod and cone photo-transduction pathways in the light-
damaged animal model. The enhancement of neuronal
functional outcomes may be achieved by reducing choroid
vessel dysfunction and choroid inflammation and by suppress-
ing the glia-mediated inflammatory response. In this study, the
peptide was administered at 2 hours after the onset and
immediately after the cessation of the light damage period, but
significant benefits extend to at least 2 weeks postinjury. It
remains to be seen whether additional optimization of delivery
protocols could further improve outcomes. These results have
significance for potential treatments of conditions such as
diabetic retinopathy, diabetic macular oedema, and AMD.
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