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Abstract

Purpose The purpose of the present study

was to examine whether keratoconus, which is

a bilateral noninflammatory corneal ectasia

with multifactorial aetiology, shows altered

expression of Connexin (Cx43). Cx43 is

an important gap junction protein that

contributes crucially to epithelial and stromal

integrity of cornea.

Methods Eight keratoconic human corneal

buttons were examined with

immunohistochemistry and Western blotting

and compared with eight normal human

corneal buttons, to unravel changes in Cx43

expression.

Results All normal corneas exhibited similar

epithelial Cx43 expression patterns, with the

protein located in the basal epithelial layer.

In contrast, some keratoconic corneas showed

an altered pattern of immunostaining and

Western blotting confirmed a decreased

expression of Cx43 in keratoconic corneas.

Conclusions Our results indicate that a

decrease in Cx43 amount together with

functional alteration of the protein is

associated with keratoconus pathophysiology

However, these changes apply only to some of

the corneas examined and may not generally

account for the development of keratoconus.
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Introduction

Keratoconus is a bilateral corneal disorder with

an incidence of approximately 1 per 2000 in the

general population, in which the central cornea

assumes a conical shape as a result of

noninflammatory thinning of the corneal

stroma.1 The corneal thinning induces

protrusion, irregular astigmatism, and myopia,

leading to impairment in the quality of vision,

with the likelihood of progression to corneal

transplantation ranging from 10 to 20%.2

Despite extensive basic research and clinical

investigation, the pathophysiological processes

underlying keratoconus are not elucidated yet.

Several mechanisms are suggested to be

involved in the pathophysiology of this

disorder; degradation in basal corneal

epithelium, and corneal stroma is the common

pathogenetic pathway of damage though.3

Recent data provide strong evidence that the

development of keratoconus involves a high

degree of inter- and intralamellar collagen

displacement and slippage induced by a loss of

cohesive forces and mechanical failure.4

Corneal gap junctions are specialized cell-

surface membrane channels that directly

connect adjacent cells and permit the

intercellular passage of small molecules up to

1 kDa.5 They consist of two hemichannels, also

termed connexons, which are located in the

plasma membrane of two adjacent cells; each

connexon is composed of six protein subunits

called connexins (Cxs). Gap junction

intercellular communication is crucial for the

regulation of cell growth, proliferation, and

differentiation and thereby contributes to the

maintenance of tissue homoeostasis.6

Molecular studies have revealed more than 20

mammalian members of the connexin protein

family.7 Two gap junction proteins Connexin 43

(Cx43) and Connexin 50 (Cx50) have been

identified in human corneal epithelium, while

Cx43 gap junctions have also been detected in

corneal stroma.8,9 Corneal gap junctions

mediate the intercellular transfer of ions and

low molecular weight metabolites in basal

epithelium and stroma through a complicated

phosphorylation-induced mechanism of

activation and thus, determine the cell

metabolic synchrony and cooperation within
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the corneal epithelium as well as the corneal tissue

differentiation and homoeostasis.10,11

In the present study, we examined the expression of

gap junction protein Cx43 in keratoconus, which is

characterized by altered epithelial and stromal

metabolism in the cornea, to unravel its potential role in

the pathophysiology of the disease.

Methods

Immunohistochemical staining

We examined eight human corneal buttons of 7.5 mm

diameter from normal donors (four of male origin/four

of female origin) that did not fulfil the necessary criteria

for transplantation and eight human buttons of 8 mm

diameter from keratoconus patients (four of male origin/

four of female origin) who underwent penetrating

keratoplasty. The mean age of the donors was 32 years

(range, 25–56) and the mean age of the keratoconus

patients was 48.6 years (range, 22–66). The demographic

and clinical characteristics of the keratoconus patients are

depicted in Table 1. All tissues were obtained from the

local Cornea Bank (University Eye Hospital, Muenster,

Germany). Normal and keratoconus corneas were

examined immediately after excision. Human tissue was

handled according to the tenets of the Declaration of

Helsinki. All corneas were divided into two equal

segments; each half was sectioned for

immunohistochemistry, while the other half was used for

Western blotting. Small tissue blocks (2� 2 mm) from the

central 6 mm from every cornea were frozen in liquid

nitrogen and then transferred to cryostat (Leika Jung CM

1500; Leica Microsystems, Wetzlar, Germany) and cut

into frozen sections (12 mm thick). Specimens were

collected on clean gelatine-coated glass slides and dried

for 2 h at room temperature. All sections were fixed in

cold methanol 99% for 100 in �201C, washed three times

for 5 min each in phosphate-buffered saline and blocked

with 10% fetal calf serum for 30 min.

Immunofluorescence staining was performed using a

primary antibody against Cx43 (affinity purified goat

polyclonal antibody; Santa Cruz Biotechnology, Inc.,

Santa Cruz, CA, USA). Primary antibody was diluted in

10% fetal calf serum (1 : 100) and the sections incubated

overnight at 41C. After rinsing the slides three times for

5 min each in phosphate-buffered saline, the sections

were incubated for 300 with the secondary antibody

(donkey anti-goat Cy2-conjugated antibody; Jackson

ImmunoResearch Laboratories Inc., West Grove, PA,

USA). Thereafter, it was once again washed three times

for 50 each in phosphate-buffered saline and finally

mounted in anti-fading solution for fluorescence

microscopy (Mowiol, Merck, Darmstadt, Germany)

containing bisbenzimide H 33258 (DAPI; Sigma, St Louis,

MO, USA) and observed with the aid of a fluorescence

microscope (Axiophot; Carl Zeiss Meditec, Oberkochen,

Germany) using appropriate filters (395–440 nm for Dapi

and 450–490 nm for Cy2). Photography was achieved

digitally with a camera attached to the microscope

(AxioCam, Carl Zeiss Meditec, Oberkochen, Germany).

Multiple immunostaining experiments were performed

on each cornea (at least four sets of independent

experiments on different samples of each cornea) and the

statistical comparisons were based on these results.

Western blotting

Each of the eight normal human corneal pieces and eight

intact pieces from keratoconic human corneas examined

immunohistochemically, were also used in Western

immunoblot analysis. Corneal tissue was suspended in

lysate buffer containing 10 mM Tris-Cl (pH 7.4; Sigma-

Aldrich, St Louis, MO, USA), 1% Triton X-100 (Sigma-

Aldrich, St Louis, MO, USA), 5 mM EDTA, and 0.15 M

NaCl. The lysate was sonicated three times for 5 min each

to completely disrupt all cells and afterwards centrifuged

at 20 000 r.p.m. for 30 min at 41C. The protein

concentration was determined by Bradford assay. Gel

electrophoresis was performed on 60 mg aliquots of each

sample on a SDS(12% polyacrylamide) gel. Proteins were

then transferred onto a nitrocellulose membrane. After

treating the membrane with a 5% non-fat dried milk-

TBST blocking solution and washing out 1�15 and

3� 5 min with TBST, the first antibody was added

(dilution 1 : 200) and the membrane was incubated

overnight at 41C. The membrane was thereafter washed

out 1�15 min and 3� 5 min and consequently incubated

for 45 min at room temperature with the secondary

antibody (dilution 1 : 30 000). An ECL chemiluminescence

kit (Amersham, Buckinghamshire, UK) was used for

immunoreactive detection. After 50 min, the membrane

was exposed to X-ray film and the density bands were

marked with the corresponding molecular weight.

Table 1 Demographic and clinical data of keratoconus patients

N/N Race Gender Age KG CL CH DS PK First PK

1 W F 66 Moderate No No No R Yes
2 W M 63 Severe Yes Yes No R Yes
3 W M 22 Severe No No No L Yes
4 W M 39 Severe Yes No No R Yes
5 B F 47 Moderate No Yes No L Yes
6 W F 49 Severe Yes No No L Yes
7 W M 44 Severe No Yes Yes R Yes
8 W F 59 Severe Yes No No R Yes

B, black race; CH, corneal hydrops; CL, contact lens wear at least for one

year before operation; DS, Down syndrome; F, female; KG, keratoconus

grade according to the CLAO criteria; L, left eye; M, male; PK,

penetrating keratoplasty; R, right eye; W, white race.
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Protein expression values in normal and keratoconus

corneas were normalized by comparison to the Cx43

expression in rat brain, which served as control tissue.

Densitometry was performed with aid of the

AlphaEaseFC analysis software (Alpha Innotech

Corporation, CA, USA).

Statistical analysis

The paired t-test was used to determine whether the

differences in the relative intensities of the reactive bands

were statistically significant. Band intensities were

normalized with the band intensity of the control tissue

(rat brain). Data were collected from a minimum of four

different sets of experiments and were represented as mean

band intensity for phosphorylated and nonphosphorylated

Cx43 (mP and mNP respectively). Statistical analysis was

carried out with SPSS statistic package (SPSS for Windows,

Version 11.0, SPSS Inc., Chicago, IL, USA). A P-value less

than 0.05, was considered statistically significant.

Results

Immunohistochemistry

As Figure 1 shows, immunostaining showed that all

normal human corneas strongly expressed Cx43 in the

basal epithelial layers as well as in the anterior stroma.

The signal was detected continuously along the basic

membrane and sporadically in the keratocytes of the

anterior stroma (Figure 1b and c). In the keratoconic

human corneas, in four out of eight corneas (corneas 3, 4,

6, and 8) Cx43 immunolabelling was observed

sporadically in the basal epithelium (Figure 1e and f),

whereas two corneas showed no staining (corneas 2

and 7). In two corneas, the Cx43 expression was

characterized by an immunostaining pattern similar to

normal corneas (corneas 1 and 5).

Western blotting

In Western blotting analysis, four specific signals for

Cx43 were detected, corresponding to molecular sizes of

43, 47, 48, and 49 kDa. The 43 kDa band represented the

nonphosphorylated Cx43 (NP-Cx43), whereas the three

other bands corresponded to the phosphorylated

isoforms of Cx43 (P1-Cx43, P2-Cx43, and P3-Cx43

respectively).

In three keratoconus corneas (corneas 2, 6, and 7) both

the NP-Cx43 and P-Cx43 isoforms were expressed less

than in normal cornea (Figure 2a). The expression of NP-

Cx43 was reduced in three keratoconus corneas (corneas

3, 4, and 8) compared to normal corneas, but not the

Dapi

NC

epi

st

KC

CC

Connexin 43 Overlay

Figure 1 Immunohistochemical expression of Cx43 in human cornea. NC, normal cornea; KC, keratoconus cornea; CC, control cornea
(unstained normal cornea); epi, epithelium; st, stroma. Nuclei of corneal epithelial cells are stained blue (Dapi). Positive
immunolabelling appears green (Cy2). Immunostaining for Cx43 was positive in basal epithelial layer of normal corneas, displaying a
punctate pattern, as well as in anterior stroma (b and c). Keratoconus corneas exhibited an altered immunolabelling pattern for Cx43,
distributed sporadically in basal epithelium and, to a smaller extent, in anterior stroma (e and f). Control corneas were not treated with
the primary antibody against Cx43 and therefore showed no signal (h and i). Scale bar: 100mm.
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P-Cx43 isoforms quantity (Figure 2b). Finally, in two

keratoconus corneas (corneas 1 and 5) the protein

expression of both NP-Cx43 and P-Cx43 were

comparable to normal corneas (Figure 2c).

The mean NP-Cx43 and P-Cx43 band intensity (mNP

and mP respectively) for the keratoconus corneas and the

normal corneas were estimated by densitometric

analysis. The mNP for keratoconus corneas was

significantly decreased compared to normal corneas

(Po0.05). The mP was also reduced in keratoconus

corneas compared to normal corneas, but the difference

was not statistically significant (P40.05). The averaged

values of mNP and mP for keratoconus and normal

corneas are depicted in Figure 3.

Discussion

Keratoconus is a noninflammatory corneal disease with

multifactorial aetiology, which is not completely

understood. The stromal collagen metabolism is

regulated by the proteolytic activity of matrix

metalloproteinase enzymes (MMPs) and lysosomal

proteinases (cathepsin G, cathepsin B) and the inhibitory

activity of tissue inhibitors of metalloproteinases

(TIMPs), a-1 proteinase inhibitor and a-2

macroglobulin.12 Keratoconic corneas exhibit increased

gelatinolytic activity (MMP-2, MMP-9), as well as

decreased tissue proteinase-inhibitory activity (TIMP-1,

TIMP-2) with an increase in the MMP/TIMP ratio.13–15

Significant reduction of TIMP and a-2 macroglobulin

levels is also reported.16 In situ hybridization and real-

time PCR techniques showed that m-RNA levels of

cathepsin G and cathepsin B and cathepsin V/L2 in

keratoconic corneas are increased.17 In addition,

immunochemistry experiments demonstrated an MT-1

MMP upregulation in keratoconic corneas and real-time

PCR showed increased expression of the transcription

factor Sp1, which is essential for the MT-1 MMP

activation.18 It has also been proved by enzyme-linked

immunoabsorbent techniques that the tear film of

patients with keratoconus contains significantly higher

levels of collagen degradation products (telopeptides),

MMP-9, TNF-a, and IL-6 compared to normal subjects.19

Cx43 is an important gap junction protein expressed in

the basal layers of the corneal epithelium and in anterior

stroma.8,9 Cx43 gap junctions mediate the intercellular

diffusion of ions or molecules with a size of o1 kDa and

contribute crucially to the regulation of corneal cell

growth and differentiation, thereby having a significant

impact on the maintenance of the corneal

homoeostasis.20,21 We found that normal corneas express

a specific punctate immunostaining pattern for Cx43,

Figure 2 Protein expression of Cx43 in human cornea. NC,
normal cornea; KC, keratoconus cornea; RB, rat brain. In
Western blotting analysis, four specific signals for Cx43 were
detected, corresponding to molecular sizes of 43, 47, 48, and
48 kDa. The 43 kDa band represents the nonphosphorylated
Cx43 (NP-Cx43), whereas the three other bands correspond to
the phosphorylated isoforms of Cx43 (P1-Cx43, P2-Cx43, and P3-
Cx43 respectively). Both the NP-Cx43 and P-Cx43 isoforms are
expressed less in keratoconus cornea than in normal cornea (a).
NP-Cx43 is decreased in keratoconus cornea compared to
normal cornea, but not the P-Cx43 isoforms quantity (b). The
protein expression of both NP-Cx43 and P-Cx43 in keratoconus
cornea is comparable to normal cornea (c).
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Figure 3 Densitometry analysis of Cx43 Western blotting,
depicted in box plots. NC, normal cornea; KC, keratoconus
cornea; mNP, mean band intensity of nonphosphorylated Cx43;
mP, mean band intensity of phosphorylated Cx43; C-Cx43,
corneal-Cx43 band intensity; RB-Cx43, rat brain-Cx43 band
intensity. The mNP is 0.93 in normal corneas (SD: 0.052) and
0.349 in keratoconus corneas (SD: 0.190). The decrease is
statistically significant (Po0.05). The mP is also reduced in
keratoconus corneas compared to normal corneas (0.548 with
SD:0.172 and 0.604 with SD: 0.234 respectively). The difference is
statistically insignificant though.
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located in the basal epithelial layer along the basic

membrane, and in the anterior stroma.8,21 All normal

human corneas examined displayed high concentrations

of Cx43 with a characteristic immunolabeling pattern as

described above. On the contrary, the immunostaining

for Cx43 in six keratoconus corneas (corneas 2, 3, 4, 6, 7,

and 8) was modified compared to normal corneas and

this alteration was reflected in both the reduced signal

intensity and the different immunolabelling pattern. The

variety of Cx43 expression was confirmed with Western

blotting analysis that showed four different intensity

bands, each corresponding to the nonphosphorylated

form and the three phosphorylated isoforms of

Cx43.22–24. Several studies have documented that

dephosphorylation of Cx43 is associated with Cx43 gap

junction degradation.10,25 The variability of CX43

expression may be explained by the fact that keratoconus

pathophysiology displays a remarkable heterogeneity.1

Alternatively, changes in Cx43 expression may be a

secondary effect of the disease and not the driving

mechanism for the progression of the disease. This

second explanation is supported by the fact that Cx43

appears normal in some of the pathological corneas studies.

An increasing number of studies associate various

human diseases with defects in Cx43 gap junction

activity, indicating that the role of Cx43 in many tissues is

critical. Microarray studies have indicated that Cx43

expression is altered in both acute and chronic stages of

multiple sclerosis, in Alzheimer’s disease, Huntington’s

disease, and in other neural disorders.26–28 It has also

been documented that oculo-dento-digital dysplasia, a

syndrome characterized by developmental anomalies of

the face, the eyes, the limbs, and the teeth, is caused by

mutations in GjA1, which is the gene encoding Cx43.29

Recently, it has also been reported that Axenfeld–Rieger

syndrome, a disorder characterized by anterior segment

dysgenesis, facial bone defects, and redundant

periumbilical skin, is related to GJA1 gene mutations.30

However, there is no experimental evidence to link the

locus of Cx43 gene to the keratoconus. On the other hand,

familial keratoconus associated with cataract was

mapped on the long arm of chromosome 15, however

without any association to Cx43 gene, because the

causative gene maps of the long arm of chromosome 15

has not been identified yet.31 The generation of knockout

mice in which Cx43 gene expression is deficient has

provided additional tools with which to dissect the role

of Cx43 gap junctions in more detail. It has been

demonstrated that Cx43 knock-out mice die perinatally

due to an obstruction of the right outflow tract caused by

cardiac malformations.32,33 Interestingly, knock out of

Cx43 in the mouse produced an additional testicular

defect presenting with outright failure of

spermatogenesis.34 Finally, the Cx43-deficient mouse

manifests numerous haematopoietic defects, which,

along with the cardiac malformations, lead to death

within hours of delivery.35 These data suggest that Cx43

gap junctions are an absolute requirement in a variety of

diverse physiological processes, since defects in Cx43

gene are directly related to pathogenesis of disease.

Our results show that decrease in the total amount of

Cx43 (NP-Cx43 and P-Cx43) along with a major

downregulation of the active Cx43 isoforms (P-Cx43)

may account for an important mechanism implicated in

the keratoconus pathophysiology. However, further

experiments are required to delineate whether specific

pathways of Cx43 gap junction dysfunction occur in

keratoconus and unravel their potential role in the

development of the disease.
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