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Ion-activated in situ gelling systems are able to cross-link with the cations present in the tear fluid, forming a gel on the ocular surface and
prolonging corneal contact time. Corneal scrape wounding offers an exceptional model to investigate the efficacy of these formulations
for connexin43 (Cx43) antisense oligodeoxynucleotide (AsSODN) delivery used to improve wound repair. Systems based on gellan
gum and carrageenan have previously been found advantageous in terms of their physicochemical properties, in vitro and in vivo release
profiles and precorneal retention. The present study describes ASODN penetration into corneal tissue after wounding and determines
the formulations’ delivery efficacy by evaluating wound size, tissue inflammation and connexin levels. No difference was shown between
the penetration patterns of the formulations, with most of the ASODN accumulating in the epithelium close to the wound leading edge
and the stroma underlying the wound. However, significant differences were seen in the delivery efficacy, with gellan gum and
carrageenan based systems resulting in the lowest connexin levels and subsequently in the greatest reduction in wound size, the least
stromal edema and hypercellularity. This demonstrates their potential use as delivery vehicles for ASODNSs to the ocular surface.
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l INTRODUCTION

Laser ablation of the cornea to correct refractive errors has
become a routine procedure for the ophthalmologist. However,
clinical outcomes can be variable depending on the patient’s age
and condition, the degree of correction and the procedure
selected. A number of common complications, such as over-
correction, undercorrection, regression and haze, are directly
related to the healing process and the unpredictable nature of the
associated corneal cellular responses." Epithelial injury initiates a
complex sequence of events mediated by cytokines, growth
factors and chemokines (Figure 1), and a number of studies
have investigated the mechanisms underlying corneal wound
healing in an attempt to modulate the healing response.” >

laser photorefractive keratectomy in rabbits and reported Cx43
levels to be upregulated and its expression to be relocated to the
upper cell layers of the epithelium 24 h after surgery. Recent
work by Laux-Fenton'? further examined Cx43 dynamics during
normal corneal wound healing using a rat scrape wound model as
well as excimer laser surgery and found Cx43 downregulation in
the migrating epithelium at the wound front, but upregulation in
the dividing epithelium further back from the wound leading
edges. Cx43 was also upregulated in the stroma, where it was
associated with corneal haze and hypercellularity.

Using an antisense approach to knockdown Cx43 has pre-
viously been reported to imlprove the healing of skin incision,
excision and burn wounds.'""? Initial studies applying Cx43

Besides the components of the wound healing cascade, gap
junctions formed by connexin proteins® ® are thought to play
a major role during tissue injury and repair.'®~"*

Connexin43 (Cx43) is the most ubiquitous connexin in the
cornea. Beyer et al.'®'” were the first to describe Cx43 in corneal
fibroblasts and documented its predominant expression in the
basal cells of the corneal epithelium. Ratkay-Traub et al.'®
investigated the changes in Cx43 expression following excimer
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antisense oligodeoxynucleotides (AsODNs) to the corneal sur-
face resulted in transient downregulation of Cx43 protein levels
at the wound site, which dramatically increased the rate of wound
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Figure 1. The corneal wound healing cascade.

closure.'® Lower Cx43 levels were associated with a reduced
activation of myofibroblasts, which normally occurs after
wounding'® " and is thought to be responsible for corneal
haze.?>** Moreover, reduction in Cx43 levels resulted in earlier
epithelial cell movement, reduced hypercellularity at the wound
site 24 to 48 h after surgery, inhibited stromal edema and cell
proliferation, reduced epithelial hypegplasia and a more regular
epithelial—stromal adhesion matrix."® That study used a sub-
conjunctival injection of a 30% (w/v) Pluronic F-127 gel, which
is an invasive procedure that can result in bleeding at the site of
injection, directly affecting the integrity of the AsSODNs due to
the serum nuclease present in the blood.*** Moreover, Pluronic
gel has some drawbacks as it must be kept refrigerated and rapidly
gels at room temperature, forming a thick gel mass on the ocular
surface. This may induce reflex blinking and disturb vision.

Ton-activated in situ gelling systems on the other hand are able
to cross-link with the cations present in the tear fluid to form a
homogeneous gel on the ocular surface. These gels have been
shown to prolong the precorneal retention time and therefore lead
to increased bioavailability of model hydrophilic drugs.** "' The
rapid turnover rate of the lacrimal fluid, which normally leads to a
dilution of common viscous eye drops, may for ion-activated gels
result in increased viscosity with the increasing amount of cations
present.”” lon-activated in situ gelling systems based on gellan gum
and carrageenan have previously been evaluated for ocular use in
terms of their physicochemical characteristics, in vitro and in vivo
release profiles and precorneal retention behavior and were
found advantageous over formulations based on neutrallz' charged
HPMC, positively charged chitosan or saline alone.”*** The
present study assessed their efficacy to successfully deliver Cx43
AsODN:s to the wounded ocular surface using a rat corneal scrape
model. AsODN penetration depth into the corneal tissues was
determined 3 h after corneal wounding using confocal laser scan-
ning microscopy. The reduction in wound size of untreated and
treated corneas was measured 12 h after scrape wounding using
fluorescein staining. The histology of the corneas was compared in
terms of stromal thickness and cell infiltration into the stroma, and
Cx43 levels were assessed using immunohistochemistry.
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Figure 2. Rat eye showing the demarcated wound area after removal of
the corneal epithelium.

B MATERIALS AND METHODS

Materials. Gellan gum (Kelcogel F) and carrageenan
(Genulacta L-100) were a generous gift from CP Kelco
(Atlanta, GA, USA). Hydroxypropyl methylcellulose (HPMC,
Methocel K4M) was purchased from Colorcon (Gao, India),
while chitosan (Protasan UP CL 213) was obtained from
Novamatrix (Sanvika, Norway). Unmodified mouse anti-Cx43
ODNs (5'-GTA-ATT-GCG-GCA-GGA-GGA-ATT-GTT-TCT-
GTC-3') and Cy3-tagged mouse anti-Cx43 ODNs (§'-Cy3-
GTA-ATT-GCG-GCA-GGA-GGA-ATT-GTT-TCT-GTC-3')
were purchased from Sigma Genosys (Sigma-Aldrich, Castle
Hill, NSW, Australia). The monoclonal rabbit anti-Cx43 primary
antibody was from Sigma Chemical Co. (Sigma, Saint Louis,
MO, USA), while the Cy3-conjugated affinity purified goat anti-
rabbit IgG (H+L) secondary antibody was supplied by Jackson
Immuno Research (West Grove, PA, USA). DAPI (4',6-diamidino-
2-phenylindole) was supplied by Sigma Chemical Co. (Sigma, Saint
Louis, MO, USA), and goat serum was from GIBCO (Invitrogen,
Auckland, New Zealand). CitiFluor AF1 antifading mountant was
purchased from CitiFluor Ltd. (Leicester, England, U.K.), while
DPX mountant (distyrene, plasticizer and xylene) was obtained
from BDH Chemicals Ltd. (Poole, England, U.K.). PBS Dulbecco
A was supplied by Oxoid Limited (Basingstoke, Hampshire,
England, U.K.), and one tablet was dissolved in 100 mL of
Milli-Q water (Millipore, Bedford, MA, USA) to obtaina 1 x PBS
solution.

Corneal Wounding Procedure and Treatment with Cx43
AsODNSs. Male Wistar rats (190—220 g) were used throughout
the studies, and all experiments were performed with ethics
approval from the University of Auckland Animal Ethics Com-
mittee (AEC/04/2004/R250). Animals were anesthetized, and
corneal laser surgery was mimicked by mechanical scrape
wounding performed under a standard laboratory dissecting
microscope (Carl Zeiss Microlmaging, Gottingen, Germany).
Using a sterile 2 mm diameter dermal biopsy punch (Miltex,
York, PA, USA), the central part of the cornea was demarcated
and the epithelium within was carefully removed using a scalpel
blade (Swann Morton, Sheffield, England) (Figure 2). Bowman’s
layer, a rigid connective tissue sheet, served as natural scraping
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Figure 3. Fluorescein staining showing the wound area of an untreated
(A) and a Cx43 AsODN in gellan gum treated (B) eye 12 h after corneal

surgery.

basal barrier. All scrape wounding surgeries were performed at
the same time of the day to avoid circadian rhythm related
inconsistencies in migration and keep proliferation rates to a
minimum.**

For AsODN treatment, 10 L of each formulation, containing
a final Cx43 AsODN concentration of 2 M, was applied to the
wound site of the left eye immediately after surgery using a
positive displacement pipet (Finpipette, Labsystems, Helsinki,
Finland). Systems without the AsSODN incorporated served as
controls and were applied to the right eye of the same rat. After
predetermined post-treatment times (3, 8, 12, and 24 h), rats
were euthanized by carbon dioxide asphyxiation and eyes were
enucleated for further analysis.

Penetration Study Using Confocal Laser Scanning Micro-
scopy. Corneal wounding was performed as described above,
and formulations containing a final concentration of 2 uM of Cy3
fluorescently tagged AsODNs were applied to the wound site
immediately after surgery. Three hours after application, rats
were euthanized and eyes were enucleated. Eyes were attached to
the bottom of a Petri dish with a drop of superglue, and the Petri
dish was filled with PBS. The penetration depth was assessed by
performing z-scans on a Leica confocal laser scanning micro-
scope (Leica DMRXA 2 microscope fitted with a TCS-SP2
scanhead, Leica Microsystems, Heidelberg, Germany) using a
10X water immersion lens, a zoom of 1 and a pinhole of 2 Airy
disk diameter. Optical slices were taken in 20 ym steps over a
total range of 600 m. Three dimensional reconstructions of the
z-stacks were generated using AMIRA visualizing and analyzing
software (Version 3.1, Visage Imaging, San Diego, CA, USA).
Penetration depths at the wound site and penetration distances
along the epithelium at the wound leading edge were measured
using Image] (Version 1.41, National Institutes of Health,
Bethesda, MD, USA).

Macroscopic Appearance of the Wound Area Using Fluores-
cein Staining. Corneal wounding and treatment with Cx43
AsODNs were performed as described above. Eyes were enu-
cleated 12 h after application of the formulations, and two drops of
concentrated fluorescein solution (Fluorescein paper, Haag-Streit
International, Koniz, Switzerland) were dropped onto the corneal
surface to visualize the remaining wound area with fluorescein
adhering to the corneal stroma in places where the epithelium had
been removed.*® Images were recorded with a Panasonic camera
mounted onto a Takagi OM-S dissection microscope (Takagi
Seiko Co. Ltd., Nagano-Ken, Japan), and wound areas were
measured in Image]J using a ruler as calibration scale (Figure 3).
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Figure 4. (A) Three dimensional reconstruction of optical slices
obtained by confocal laser scanning microscopy showing the penetration
depth of the fluorescently tagged Cx43 AsODNSs into the corneal tissues.
(B) Frontal view of a z-stack illustrating the penetration depths mea-
surements of the Cy3-tagged Cx43 AsODN at the wound site (a) and
along the epithelium adjacent to the wound leading edge (b).

Tissue Collection and Processing. Enucleated eyes were
rinsed in PBS, embedded in Tissue-Tek OCT and frozen in
liquid nitrogen. Frozen tissue blocks were stored at —80 °C until
further processed. Sections (16 um) were cut parallel to the
optical axis of the eye using a Zeiss Microm HMS50 cryostat
(Carl Zeiss NZ. Ltd., Auckland, New Zealand) and were placed
on Superfrost Plus slides.

Histology Documentation of the Corneal Wound Healing
Dynamics. Hematoxylin and Eosin (H&E) staining was per-
formed according to Mayer. Sections were mounted with DPX
mounting medium and viewed under the light microscope (Leica
DMRA, Leica Microsystems, Heidelberg, Germany) the follow-
ing day. Images were recorded with a digital camera (Nikon
Digital Sight DS-U1) and the NIS-Elements BR imaging soft-
ware (Version 2.10). The histology of controls and AsODN
treated corneas was compared in terms of stromal thickness and
number of cells infiltrating the stroma.

Immunolabeling of Cx43 Protein Channels. Slides were
washed twice in PBS for 5 min to remove excess Tissue-Tek.
Nonspecific antibody binding was blocked by 10% normal goat
serum in PBS for 1 h. Sections were incubated with the mono-
clonal rabbit anti-Cx43 primary antibody (dilution 1:1000 in
PBS) at 4 °C overnight. After the slides were rinsed in PBS three
times for 15 min, sections were incubated with a Cy3-conjugated
goat anti-rabbit IgG secondary antibody (dilution 1:400 in PBS)
for 2 h at room temperature. Sections were again washed in PBS
three times for 10 min, before counterstaining cell nuclei with
DAPI for 10 min (dilution 1:10 in PBS). After washing the slides
another three times, sections were mounted in Citifluor. Slides
were viewed under a Zeiss confocal laser scanning micro-
scope (Zeiss Axioplan 2 microscope fitted with a LSM S10
Meta scanhead, Carl Zeiss Microlmaging, Gottingen, Germany).
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DAPI-staining and Cx43-labeling were imaged simultaneously by
UV light and a 543 nm HeNe laser using the Zeiss LSM 510 Meta
software. Single optical slices close to the wound leading edge
were taken using a 20X dry objective lens, and the Cx43
expression levels in the controls and the ASODN treated corneas
were compared.

B RESULTS

Penetration Study Using Confocal Laser Scanning Micro-
scopy. Figure 4A illustrates a 3D-reconstruction of the z-stacks
obtained by confocal laser scanning microscopy and visualized
by AMIRA software. Cy3-tagged AsODNs penetrated freely
through the hydrophilic stroma in the wound area where the
epithelium had been removed. Further penetration into the
anterior chamber was prevented by Descemet’s membrane and
the endothelium which formed a barrier to the highly hydrophilic
AsODN:Ss. In areas where the epithelium was still intact, very little
Cy3-tagged AsODN was detectable in the stroma beneath,
although large quantities accumulated in the epithelium close
to the wound leading edge.

Using a 10X water immersion lens only a quarter to a third of
the rat eye could be monitored at once. However, this was

Table 1. Penetration Depths of the Cy3-Tagged AsODNs
Delivered by the Various Formulations at the Wound Site and
along the Epithelium Adjacent to the Wound Edge”

penetration £ SD (um)

sufficient to determine the penetration depth in the central
cornea (Figure 4B(a)) and the penetration distance centrifugally
along the epithelium adjacent to the wound leading edge
(Figure 4B(b)). Table 1 summarizes the penetration depths of
the Cy3-tagged AsODNs incorporated into the various formula-
tions. Stromal penetration depths at the wound site ranged from
330 to 370 um, and the AsODN was also found to accumulate in
the epithelium up to 380 ym away from the wound edge.

Macroscopic Appearance of the Wound Area Using Fluo-
rescein Staining. Figure S illustrates the initial wound size as
well as the wound areas of untreated, control vehicle and Cx43
AsODN treated eyes 12 h after surgery. Measurements of the
initial wound size were included to prove the reproducibility of
the mechanical scrape wounds and to demonstrate the applic-
ability of the fluorescein staining method to analyze the wound
area. The wound area, which was obtained using a 2 mm diameter
dermal biopsy punch, was slightly bigger (Aexperimental = 3:26 =&
0.06 mm®) than the theoretically calculated value (Ageoretical =
" = 3.14 mm®), but exhibited only minor discrepancies
between eyes (+1.88%). When comparing corneas treated with
the different formulations 12 h after surgery, all ASODN treated
eyes, with exception of the chitosan treatment group, exhibited a
reduction in wound size compared to application of the
vehicle alone.

A two-way ANOVA was performed, and no significant differ-
ence (P > 0.05) was detected between the six rats in each
treatment group, confirming the reproducibility of the mechan-
ical scrape wounding model and the associated healing process.
Conducting a paired t-test on each formulation at a 95%

depth at distance along epithelium confidence interval, wound areas of the eyes treated with the
formulation wound site adjacent to wound edge AsODN incorporated into the gellan gum and carrageenan
1 1498 4 146 3393 4 43.0 formulations were found to be significantly different (P =
getan gum ’ i ’ : 0.016 and P = 0.048 respectively) from the control eyes of the
carrageenan 366.7 £ 102 335.6 £267 same treatment group. However, despite the relatively small
HPMC 3553 5.5 353.7 + 312 wound areas of the ASODN treated eyes in the HPMC group,
chitosan 3548 £15.1 339.3 £43.0 these were not significantly different (P = 0.19) from those
PBS 330.1+£98 302.3 £279 treated with HPMC vehicle alone. All chitosan treated eyes
“ Results represent mean values + SD, n = 3. exhibited wound areas greater than 2 mm® 12 h after scrape
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Figure 5. Wound areas of untreated, control and Cx43 AsODN treated eyes for the various delivery vehicles 12 h after mechanical scrape wounding

(results represent mean values + SD, 1 = 6, *P < 0.05).
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Figure 6. Histological documentation of the corneal healing dynamics
12 h (left column, A—E) and 24 h (right column, F—]J) after scrape
wounding; scale bar = 200 xm. For clarification of the constituent layers
of the cornea refer to Figure 7.

wounding and showed no size difference between control and
Cx43 AsODN treated wounds.

Histology Documentation of the Corneal Wound Healing
Dynamics. Histology revealed a stromal thickness of about
250 um for unwounded corneas with evenly spaced keratocytes
within the stroma (image not shown). Following wounding, the
stromal thickness was increased in all cases, although less
pronounced in corneas treated with Cx43 AsODNs compared
to controls. Keratocyte loss was most apparent 8 h postwounding
in the stroma beneath the wound area of all control corneas.
Keratocytes were still absent in the stroma underlying the wound
site of the untreated cornea 12 h after surgery (Figure 6A), while
corneas treated with the AsODN incorporated into the gellan
gum and carrageenan formulations exhibited an almost normal

Endothelium

Figure 7. Light microscope image of an H&E-stained cornea illustrat-
ing how stromal thickness (a—c) and number of cells within the stroma
underlying the wound (d) were determined.

cell distribution in the stroma (Figure 6B,C). These two treat-
ment groups also showed evidence of a new epithelial sheet
across the wound bed and the least stromal edema at that time
point. In the chitosan and PBS vehicle groups, ASODN treated
corneas (Figure 6D,E) revealed keratocyte loss in the stroma
underlying the wound as well as stromal edema.

At 24 h after corneal surgery (Figure 6, right column), all
wounds apart from the cornea treated with the chitosan formula-
tion (Figure 61) were closed. However, substantial differences
were seen in the extent of stromal edema and hypercellularity.
While the untreated cornea, demonstrating normal wound
healing dynamics, showed an invasion of ovoid and elongated
cells into the anterior part of the stroma underlying the initial
wound site, corneas treated with the ASODN incorporated into
the gellan gum and carrageenan formulations (Figure 6G,H)
lacked cells in this area. The latter two also exhibited a noticeable
reduction in corneal thickness when compared to the untreated
control, which showed signs of edema, characterized by empty
spaces and swelling in the tissue. The epithelium of the chitosan
formulation treated corneas did not heal within the 24 h period
assessed, and a massive inflammatory response was seen as
infiltration of large numbers of round cells into the stroma
(Figure 6I). In addition, the stroma was almost double the
thickness of the other corneas at 24 h and showed severe signs
of edema. This suggests a toxic effect of the positively charged
chitosan on the wounded tissues, as had already been apparent
when comparing the wound areas at 12 h (Figure 5).

To quantify delivery efficacy and potential toxicity of the
formulations, histology images were analyzed in terms of the
mean stromal thickness in the wound area (Figure 7a—c) and the
number of cells infiltrating the stroma underlying the wound
(Figure 7d) 8 and 12 h after corneal surgery using Image]. Image
analysis results are summarized in Figure 8 and illustrate that all
Cx43 AsODN treated corneas irrespective of the time point
assessed or the delivery system used showed improved healing
characteristics, except for the number of cells at 8 h using the
chitosan formulation. The most pronounced effects were seen
using gellan gum and carrageenan as delivery vehicles, resulting
in the smallest wounds, the least stromal edema and the lowest
number of cells infiltrating the stroma. The chitosan formulation,
on the other hand, exhibited the highest values for all these
parameters with a very large number of inflammatory cells within
the stroma at 8 and 12 h postsurgery. This was also apparent in
Figure 61 and resulted in delayed wound closure.

Immunolabeling of Cx43 Protein Channels. To determine
whether differences in healing rates and Cx43 specific AsSODN
delivery correlated with changes in Cx43 gap junction levels,
immunohistochemistry labeling of Cx43 was carried out. Figure 9
shows Cx43 protein expression levels in an unwounded cornea
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Figure 8. Mean stromal thickness in the wound area (A) and number of cells within the stroma underlying the wound (B) 8 and 12 h postsurgery
following application of formulations with and without Cx43 AsODNs (data points represent mean values + SD).
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Figure 9. Cx43 protein expression in an unwounded cornea (A) and an
untreated wounded cornea (B) 12 h after surgery. Each photomicro-
graph represents a combined image of Cx43 (red) and DAPI (blue)
staining. Scale bar = 50 ym. DAPI staining revealed even distribution of
keratocytes in the stroma of the unwounded cornea and confirmed Cx43
expression in the basal cell layer of the epithelium, between keratocytes
in the stroma and in the endothelium. Keratocytes were absent in the
anterior stroma of the wounded cornea and the tissue showed signs of
hyperplasia, which correlated with increased Cx43 expression in the
upper layers of the epithelium.

(Figure 9A) and an untreated wounded cornea 12 h after corneal
surgery (Figure 9B). DAPI staining revealed an even distribution
of keratocytes in the stroma of the unwounded cornea. Cx43
expression was restricted to the basal cell layer of the corneal
epithelium and was also found between keratocytes in the stroma
and in the endothelium. The wounded cornea exhibited signs of
stromal edema and an upregulation of Cx43 levels into the upper
layers of the epithelium adjacent to the wound leading edge.

In corneas treated with vehicles alone or formulations contain-
ing AsODNs, Cx43 was absent in the stroma underlying the
wound area at 8 h postwounding, correlating with the disap-
pearance of cell nuclei as recorded by DAPI counterstaining,
Keratocyte loss, however, seemed to be less pronounced in
AsODN treated corneas, which also exhibited reduced hypercel-
lularity in the posterior stroma as well as reduced stromal
swelling. Cx43 expression was reduced in all wounded corneal
epithelia at the wound edge but was even more pronounced in
AsODN treated corneas (apart from the cornea using chitosan as

delivery vehicle), with Cx43 absent at the immediate wound
leading edges and migration of new epithelial cells across the
wound bed evident. No difference was seen in Cx43 levels of the
chitosan treatment group, where Cx43 expression appeared to be
extended to the intermediate cells of the epithelium, correlating
with signs of hyperplasia and delayed wound closure.

At 12 h after corneal surgery (Figure 10), keratocytes were still
absent from the anterior stroma of all corneas. However, control
vehicle corneas (Figure 10A,C,E,G) and the chitosan treated
cornea (Figure 10F) exhibited increased infiltration of cells in the
posterior stroma and at the wound periphery as seen by DAPI
staining. These corneas also showed signs of hyperplasia, which
correlated with increased Cx43 expression levels in the upper
layers of the epithelium. In the AsODN treated corneas using
gellan gum and carrageenan as delivery vehicle, Cx43 ex-
pression was significantly reduced and was found to be
absent in the wound leading edges where new epithelial cells
were seen to be migrating across the wound bed. These
corneas also showed a noticeable reduction in stromal edema
compared to the control corneas, although stromal thickness
was still slightly increased compared to the prewounding
situation (Figure 9A).

All wounds, apart from those in the chitosan treatment group,
were closed 24 h after surgery. Cx43 protein levels still appeared
slightly overexpressed, but were relocated to the basal cell layers
of the epithelium, apart from the area where the migrating
epithelial sheets from either side had come together and slight
signs of overexpression, correlating with hyperplasia, were
detected.

H DISCUSSION

The actual size of the wounds initially generated was slightly
bigger than the theoretically calculated value of 3.14 mm?, but
revealed only minor discrepancies between eyes (+1.88%).
Moreover, a two-way ANOVA performed on the results for
the wound areas after 12 h showed no significant difference
(P> 0.05) between the six rats in each treatment group, confirm-
ing the reproducibility of the mechanical scrape wounding
model and the associated healing response. It is possible that
excimer laser photorefractive keratectomy would result in more
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Figure 10. Cx43 protein expression in control and Cx43 AsODN treated
corneas 12 h after surgery. Each photomicrograph represents a combined
image of Cx43 (red) and DAPI (blue) staining, resulting from a single
optical confocal slice. Scale bar = 50 ym. Keratocytes were still absent in
the anterior stroma of all corneas, but control corneas exhibited increased
infiltration of cells in the posterior stroma and further from the wound
leading edge. They also showed signs of hyperplasia, which correlated with
increased Cx43 expression in the upper layers of the epithelium. In the
AsODN treated corneas of the gellan gum and carrageenan treatment
group, Cx43 expression was significantly reduced and absent at the wound
leading edge and in the stroma, which also exhibited less swelling
compared to the controls. Moreover, epithelial cells were seen to be
migrating across the wound bed in the AsODN treated corneas.

reproducible wounds, although the clear wound healing response
in the scrape wounding model makes differences in delivery
efficacy easy to monitor.

For this study, no treatment (reflecting normal corneal wound
healing) and application of the vehicle alone were used as
control experiments, as the primary aim was to investigate the
formulation effect. In order to evaluate the efficacy of the various
formulations to successfully deliver Cx43 AsODNs to the
wounded tissue, a number of studies were performed. First,
confocal laser scanning microscopy was used to evaluate whether
the ASODN was able to penetrate into the corneal tissues, and to
where. AsODNs freely penetrated through the hydrophilic
stroma at the wound site, but were prevented from further
penetration into the ocular tissues by Descemet’s membrane
and the lipophilic endothelium. In areas where the epithelium
was still intact, only small amounts of Cy3-labeled AsODN were
detected in the epithelium and the underlying stroma, indicating
that the highly hydrophilic AsSODNs have difficulty passing an
intact epithelial surface. The observation that most of the
AsODN seemed to accumulate at the wound leading edges of
the epithelium was favorable as this results in Cx43 protein
knockdown predominantly in these areas. The in situ gelling
systems tested here were suitable for delivery of hydrophilic
molecules where the epithelium had been removed, but may be
less appropriate where the corneal epithelium is intact.

The second method used to differentiate delivery system
efficacy was measurement of the wound areas 12 h after surgery
using fluorescein staining. The improvement in the wound
healing response was found to be significantly different (P <
0.05) when the Cx43 AsODN was delivered using the gellan gum
and carrageenan systems. This could be attributed to the ability
of these polymers to cross-link with the cations present in the tear
fluid, resulting in increased viscosity and therefore reduced
lacrimal drainage of the drug as previously discussed.>** This
would result in an overall increased bioavailability of the Cx43
AsODNs and therefore an improved healing response as con-
firmed by histological analysis.

The difference between HPMC vehicle alone and HPMC with
AsODNs was not significant, although the wound sizes of the
AsODN treated corneas in the HPMC group were comparable to
those of the carrageenan group. HPMC alone appeared to have a
positive effect on wound healing, as even those wounds receiving
the vehicle only exhibited noticeably smaller wound areas. This
may be associated with the lack of charge in the polymer
backbone as opposed to the anionic and cationic nature of the
other polymers used, therefore resulting in less interaction with
other cellular components, as well as the wound hydration effect
of HPMC. For this study the HPMC formulation was excluded
from subsequent experiments, as it would not have been possible
to differentiate between the vehicle only and the Cx43 AsODN
effect. However, this observation warrants further investigation.

Chitosan, on the other hand, had a negative effect on the
wound healing rate, as both the control and the Cx43 AsODN
treated corneas still showed wound areas greater than 2 mm” at
12 h postsurgery. The lack of difference between control and
AsODN treated corneas in this group could be attributed to the
precipitation of the AsSODN out of solution. This observation
was made during the penetration studies where fluorescently
tagged AsODNS, incorporated into the chitosan system, were
found at least partially precipitated out of solution. The negative
effect of the chitosan formulation itself was even more obvious when
evaluating histology and Cx43 levels. While most corneas treated
with control formulations exhibited cellular responses compa-
rable to untreated eyes, chitosan treated control corneas showed
a pronounced inflammatory response.

2288 dx.doi.org/10.1021/mp200140e [Mol. Pharmaceutics 2011, 8, 2282-2290



Molecular Pharmaceutics

A number of research groups have reported chitosan to be a
wound-healing accelerator.>”* However, views on wound heal-
ing have changed markedly over the past few years. While a
proinflammatory response was previously considered to be
beneficial, recent investigations support the paradigm that in-
creased inflammation has a negative effect on the rate of wound
closure and increases subsequent scarring.*' Several studies
performed on the skin'"** and the eye** have shown that a
decrease in the inflammatory response, due to depletion in
neutrophil numbers, resulted in an accelerated wound closure.
Although neutrophils may initially provide protection against
infection, they also delay wound closure and cause additional
tissue damage. The increased invasion of inflammatory cells
in the chitosan group, which has previously been claimed
to accelerate wound healing, was here found to have the
opposite effect. This was shown by severe swelling of the
corneal tissue, with the stromal thickness measuring approxi-
mately double the thickness compared to other corneas.
Moreover, chitosan treated wounds were still open 24 h after
surgery, while all other corneas exhibited a completely healed
epithelium.

For the other delivery vehicles, H&E staining revealed an
increase in stromal swelling for all corneas at the time points
monitored. However, stromal edema was less pronounced in
AsODN treated corneas, especially when gellan gum and carra-
geenan were used as delivery vehicles. These corneas also showed
less infiltration of inflammatory cells and greater evidence of new
epithelial cell sheets sliding across the wound bed. This may again
be attributed to the in situ gelling nature of these formulations,
forming a gel on the ocular surface once in contact with the
cations in the tear fluid to prolong precorneal retention. This
would allow for sustained delivery, resulting in improved healing
dynamics.

These findings were further supported by results obtained
from Cx43 immunoassays. While all corneas showed a slight
reduction in Cx43 levels 8 h after surgery, this effect was even
more pronounced in the gellan gum and carrageenan AsODN
treated corneas where Cx43 was found to be completely
absent at the wound leading edges. Reduction in intercellular
communication at the wound leading edges is desirable after
surgery to promote epithelial cell migration.'" However, gap
junctional communication back from the wound edge is
required in order to promote proliferation of epithelial cells
for wound closure.

At 12 h after corneal surgery, Cx43 expression in the control
groups had extended to the upper layers of the epithelium,
correlating with signs of hyperplasia. This was in agreement with
previous studies performed by Ratkay-Traub et al.,"® who found
Cx43 to be upregulated adjacent to the wound edges and not
restricted to the basal epithelial cells. When comparing con-
trol to AsODN treated corneas, extension of Cx43 protein
expression to the upper cell layers of the epithelium was not
seen, apart from the area where the migrating epithelial sheets
from either side had come together to close the wound.
Finally, the extent of stromal edema was reduced and the
anterior stroma of the AsODN treated corneas using gellan
gum and carrageenan as delivery vehicle showed no signs of
inflammatory cell infiltration, supporting the assumption that
ion-activated in situ gelling systems based on these two
polymers improve the delivery of Cx43 AsODNs to the
corneal tissues when compared to a chitosan system or a
saline solution.

B CONCLUSION

Penetration studies emphasized that delivery occurred mainly
to the epithelium at the wound leading edges and the stroma
underlying the wound, therefore preventing lesion spread but
allowing for cell proliferation in the periphery of the cornea.
Control experiments using the vehicle alone revealed potential
toxicity of the positively charged chitosan polymer backbone,
while uncharged HPMC seemed to promote a positive wound
healing response. In all studies performed, Cx43 AsODN for-
mulations based on gellan gum and carrageenan exhibited the
best results in terms of remaining wound size, reduction in
inflammatory response and reduced Cx43 protein levels. This is
mainly attributed to the in situ gelling effect of these systems once
in contact with the cations of the tear fluid and therefore
increased precorneal retention time. It would appear that deliv-
ery systems based on gellan gum and carrageenan are able to
retain AsSODNs on the corneal surface without inducing any
evidence for adverse effects.
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Cx43, connexin43; AsODN(s), antisense oligodeoxynucleotide(s);
HPMC, hydroxypropyl methylcellulose; PBS, phosphate buffered
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