
Retinal Cell Biology

High Glucose–Induced Downregulation of Connexin 30.2
Promotes Retinal Vascular Lesions: Implications for
Diabetic Retinopathy
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PURPOSE. To investigate whether high glucose (HG) alters
expression of connexin 30.2 (Cx30.2) and influences gap
junction intercellular communication (GJIC) in retinal endo-
thelial cells and promotes vascular lesions characteristic of
diabetic retinopathy (DR).

METHODS. Western blot analysis and immunostaining were
performed to determine Cx30.2 protein expression and
localization in rat retinal endothelial cells (RRECs) grown in
normal (N; 5 mM) or HG (30 mM) medium for 7 days.
Concurrently, GJIC was assessed in cells grown in N or HG
medium and in cells transfected with Cx30.2 siRNA. Similarly,
retinal Cx30.2 expression was assessed in nondiabetic and
diabetic rats. Additionally, the effect of reduced Cx30.2 on
development of acellular capillaries (ACs) and pericyte loss
(PL) was studied in retinas of Cx30.2 knockout mice.

RESULTS. Cx30.2 was identified in RRECs in vitro and in vascular
cells of retinal capillaries. RRECs grown in HG exhibited
significantly reduced Cx30.2 protein levels consistent with
decreased Cx30.2 immunostaining compared with those
grown in N medium. Cells grown in HG and cells transfected
with Cx30.2 siRNA exhibited significantly diminished dye
transfer compared with N or nontransfected cells. Importantly,
Cx30.2 protein level and immunostaining were decreased in
diabetic retinas compared with nondiabetic retinas. Retinal
capillaries of Cx30.2 knockout mice exhibited increased
numbers of ACs and PL compared with those of wild-type
mice.

CONCLUSIONS. These results indicate that HG- or diabetes-
induced downregulation of Cx30.2 expression and decrease
in GJIC activity play a critical role in the development of retinal
vascular lesions in early DR. (Invest Ophthalmol Vis Sci. 2013;
54:2361–2366) DOI:10.1167/iovs.12-10815

Diabetic retinopathy (DR) is a leading cause of vision
impairment and blindness in adults.1–3 A prominent

characteristic lesion of early DR is apoptotic cell loss in the
retinal microvasculature.4 Studies have shown that cell–cell
communication is necessary for maintenance of retinal
vascular homeostasis, and that impaired intercellular commu-
nication may contribute to apoptosis in retinal vascular cells.5

However, it is unknown whether changes in Cx30.2 expres-
sion and gap junction intercellular communication (GJIC)
activity participate in retinal pathology associated with the
development and progression of DR.

Connexins form gap junction channels that connect the
cytoplasms of adjacent cells and enable direct passage of
molecules such as ions, metabolites, and second messengers
less than 1 kD.6 The connexin protein family consists of 20
distinct members in the mouse genome and 21 members in the
human genome,7 some of which exhibit tissue-specific
localization.8 The presence of gap junctions in the retinal
microvasculature has been previously documented.9 Although
four different connexins, Cx37, Cx40, Cx43, and Cx45, have
been documented in different layers of the retinal vasculature,
their presence has been shown to vary between vascular beds,
between species, and during development.10,11 In the rodent
retina, it has been demonstrated that Cx43 and Cx37 form
extensive gap junction channels that facilitate cell-to-cell
coupling of the microvasculature and promote maintenance
of retinal vascular homeostasis.12–15

Recently, it has been shown that Cx30.2, also known as gap
junction protein delta 3 (GJD3), is expressed in the mouse
retina.16 The murine Cx30.2 consists of 278 amino acids and
has four transmembrane regions similar to other connexins.17

It shares 79% identical residues and 84% similar residues with
the human Cx31.9,17 and is expressed in vascular smooth
muscle, heart, testes, brain,17 and retina.16 Additionally, a study
has shown that Cx30.2 may facilitate coupling of retinal
ganglion and amacrine cells.16

Chronic hyperglycemia in diabetes is associated with the
development and progression of pathologic changes in the
retinal capillaries involving Cx43 downregulation. Our previ-
ous studies indicate that the high-glucose (HG) condition
reduces Cx43 expression and impairs cell–cell communication
in retinal pericytes and endothelial cells,18,19 and that HG-
induced downregulation of Cx43 expression can trigger
apoptosis in retinal endothelial cells.5 Other tissues such as
corpus cavernosum exhibit reduced Cx43 in diabetes20 and
decreased expression of two connexins, Cx30 and Cx43, has
been reported in the inferior colliculus of diabetic rats.21

Most cells in general express more than one connexin. Since
Cx30.2 has been reported to be expressed in the vasculature of
different tissues, in this study, we determined whether Cx30.2 is
expressed in the retinal vasculature and whether HG alters its
expression and GJIC activity. Currently, it is unknown whether
high glucose or diabetes alters Cx30.2 expression, and whether
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subsequent changes in GJIC activity contributes to retinal
pathology in diabetic retinas. Additionally, we investigated
whether Cx30.2 expression is altered in an animal model of
diabetes, and studied the effects of Cx30.2 downregulation in
the retinal vasculature of Cx30.2 knockout mice.

MATERIALS AND METHODS

Cell Culture

Rat retinal endothelial cells (RRECs) confirmed positive for von

Willebrand factor (vWF), an endothelial cell marker,22 were used in

this study, and were isolated as described.23 Cells were cultured in

Dulbecco’s modified Eagle’s medium (DMEM; Gibco/Invitrogen,

Carlsbad, CA), supplemented with 10% fetal bovine serum (FBS;

Sigma, St. Louis, MO), antibiotics, and antimycotics. Experiments were

performed on cells from passages three to six. To examine the

localization of Cx30.2 and the effect of HG on its expression in RRECs,

cells were grown on coverslips and 35-mm dishes in normal (N) or HG

medium for 7 days until confluency. Cells were then subjected to

immunostaining and total protein analyzed using Western blot (WB)

analysis. To assess GJIC activity, RRECs were grown on coverslips in N

or HG medium, and a subset of cells was transfected with small

interfering RNA (siRNA) after 5 days in culture. Scrape load dye transfer

(SLDT) was performed on day 6 or day 7, when cells reached

confluency. Each experiment was repeated at least three times.

Immunofluorescence Microscopy

Cells grown on coverslips in either N or HG medium were fixed with

ice-cold methanol for 30 seconds and blocked with 2% bovine serum

albumin (BSA; Invitrogen, Carlsbad, CA) in 1xPBS for 20 to 30 minutes

to prevent nonspecific antibody binding. Next, cells were incubated

overnight in a moist chamber at 48C with 2% BSA–PBS primary

antibody solution containing rabbit anti-Cx30.2T17 at 1:250 dilution.

After incubation, cells were washed with 1xPBS and placed in a dark

chamber at 378C for 2 hours in 2% BSA–PBS secondary antibody

solution containing rhodamine-conjugated antirabbit IgG (Jackson

ImmunoResearch, West Grove, PA) at 1:600 dilution. Cells were then

washed with 1xPBS and mounted in a commercial antifade reagent

(SlowFade; Molecular Probes/Invitrogen, Carlsbad, CA). To stain the

nuclei, 0.9% 40,6-diamidino-2-phenylindole dihydrochloride (DAPI;

Roche Diagnostics, Indianapolis, IN) was applied during mounting.

Negative control samples were processed in the same manner without

addition of the primary antibody. Digital images of the cells were

captured with a digital camera (Nikon F1; Nikon, Tokyo, Japan)

attached to a fluorescence microscope (Nikon Diaphot; Nikon). Cx43

signals appeared as fluorescent punctate dots and were present

between adjacent retinal microvascular endothelial cells. At least 10

random fields were scored for the punctate dots from each sample, and

fluorescence intensity was assessed using NIH ImageJ software

(developed by Wayne Rasband, National Institutes of Health, Bethesda,

MD; available in the public domain at http://rsbweb.nih.gov/ij/index.

html).

Cell Protein Isolation and Western Blot Analysis

Total protein was isolated from RRECs grown in either N or HG

medium as described.24 Briefly, samples were washed with PBS and

lysed with buffer containing 10 mM Tris (pH 7.4) (Sigma), 1 mM EDTA,

and 0.1% Triton X-100 (Sigma). Samples were homogenized and

protein content was determined using the bicinchoninic acid protein

assay (Pierce Biotechnology, Rockford, IL). Proteins were separated by

electrophoresis in 10% SDS-polyacrylamide gel (American Bioanalytical,

Natick, MA). Samples were then transferred onto PVDF membranes,

blocked with 5% nonfat dry milk in Tris-buffered saline (TBS; American

Bioanalytical) for 2 hours, and incubated overnight at 48C with rabbit

anti-Cx30.2T17 at 1:300 dilution. Membranes were washed with TBS

containing 0.1% Tween-20 (TTBS) and incubated with secondary anti-

rabbit IgG conjugated with alkaline phosphatase (Cell Signaling,

Danvers, MA). After a second set of washings with TTBS, protein

levels of Cx30.2 were detected with a detection system for protein

analysis (ImmunoStar Chemiluminescent Protein Detection System;

BioRad, Hercules, CA). Densitometric analysis of WB signals was

performed at nonsaturating exposures using NIH ImageJ software

(National Institutes of Health).

Real-Time PCR Analysis

Cx30.2 mRNA expression was determined in retinal endothelial cells

grown in either normal or HG medium using RT-PCR. Briefly, total RNA

was extracted using a commercial kit for fast purification of high-

quality total RNA (RNeasy Mini Kit; Qiagen, Valencia, CA). For reverse

transcription, 1 lg of the total RNA was converted to first-strand

complementary DNA in 20 lL reactions using a commercial kit

(AffinityScript Q-PCR cDNA Synthesis Kit; Agilent Technologies, La

Jolla, CA), which was subsequently diluted five times. For PCR sample

preparation, 2 lL of diluted cDNA was mixed in 20 lL reaction volume

with 0.5 lM primer and SYBR master enzyme mix (SABiosciences,

Frederick, MD). The reaction was initiated at 958C for 10 minutes,

followed by 40 cycles through 958C for 15 seconds and 608C for 1

minute. All reactions were performed in duplicate and normalized to

the expression of an endogenous housekeeping gene hypoxanthine

phosphoribosyl transferase (HPRT). All CT values were in the range of

25 to 30 cycles. Amplification curves were analyzed using commercial

sequence detection system software (SDS version 1.9.1 software;

Applied Biosystems, Foster City, CA). The forward and reverse primers

used for PCR amplification of Cx30.2 target cDNA were 50-TCA TGC

TGA TCT TCC GCA TCC-30 and 50 -GAA GCG GTA GTG GGA CACC-30,

respectively, with a product size of 148 bp.

Cell Transfection

RRECs grown on coverslips in N medium were transfected with Cx30.2

siRNA (product: Rn_RGD:1,308,942_3, gene accession:

XM_001,081,399; Qiagen, Valencia, CA) or scrambled siRNA (AllStars

Negative Control siRNA; Qiagen) after 5 days. Cells were transfected at

70% to 80% confluency in reduced serum medium (Opti-MEM;

Invitrogen) in the presence of 8 lM of a transfection reagent

(Lipofectin; Gibco, Grand, Island, NY) and either 0.04 lM Cx30.2

siRNA or 0.04 lM scrambled siRNA for 4 hours. Cells were then

returned to N medium and analyzed 2 days after transfection. The

target sequences for Cx30.2 siRNA and scrambled siRNA were 50-CTG

GCT GGT GAT CAT GCT GAT-30 and 50 -CAG GGT ATC GAC GAT TAC

AAA-30, respectively.

SLDT Assay

To assess the effects of high glucose on GJIC activity, SLDT assay was

used following the procedure described by el-Fouly et al.25 Four groups

of cells were analyzed: cells grown in N medium, those grown in HG

medium, and those grown in N medium and transfected with either

Cx30.2 siRNA or scrambled siRNA. Briefly, confluent RRECs on

coverslips were washed with 1xPBS containing 0.01% Ca2þ and

Mg2þ. Next, several random cuts were made on cell monolayers using a

sharp razor blade. Cells were exposed to a solution containing 0.2%

DAPI and washed with 1xPBS containing 0.01% Ca2þ and Mg2þ. Cells

were then fixed with 4% paraformaldehyde (Electron Microscopy

Sciences, Hatfield, PA), mounted with a commercial antifade reagent

(SlowFade; Molecular Probes/Invitrogen), and photographed with a

digital camera (Nikon F1; Nikon) attached to a fluorescence

microscope (Nikon Diaphot; Nikon). The number of dye-coupled cell

layers on either side of the scrape was counted in at least five random

areas from each SLDT preparation to evaluate GJIC activity.
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Diabetic Rat Model and Cx30.2 Knockout Mice

All experiments were performed in compliance with the ARVO

Statement for the Use of Animals in Ophthalmic and Vision Research.

In general, eyes destined for retinal trypsin digests (RTDs) were stored

in 4% paraformaldehyde, whereas those destined for WB were

immediately subjected to retinal isolation and protein extraction.

Retinas from six 7-month-old Sprague-Dawley (SD; Charles River

Laboratories, Wilmington, MA) rats and six diabetic rats of the same

age with 3 months of diabetes were used in this study for assessment of

Cx30.2 immunostaining and Cx30.2 protein expression by WB.

Diabetes was induced in six SD rats, by injecting streptozotocin

intraperitoneally at a dose of 55 mg/kg body weight. The diabetic

animals were subcutaneously injected with an intermediate-acting

insulin (Neutral Protamine Hagedorn [NPH]) as needed to achieve slow

body weight gain without preventing hyperglycemia and glycosuria.

Serum glucose and body weight were monitored every other day, and

glycosylated hemoglobin was measured using a real-time A1c results kit

(A1cNow kit; Bayer, Tarrytown, NY) after 3 months of diabetes. To

examine the effect of diabetes on Cx30.2 protein expression, the

retinal protein from the diabetic retinas and those of the control

nondiabetic retinas were subjected to WB analysis for Cx30.2 protein

expression, as described above for RRECs. Retinas from 9-month-old

Cx30.2 homozygous KO mice (Nielsen PA, Kumar NM, unpublished

data, 2003) and those of age-matched wild-type mice were used in

these studies to examine the effect of reduced Cx30.2 expression on

the development of AC and PL.

Retinal Capillary Network Isolation: Retinal

Trypsin Digest Technique

RTDs were performed to analyze the distribution of Cx30.2 and

formation of ACs and PL in retinal vessels of wild-type mice, Cx30.2 KO

mice, nondiabetic rats, and diabetic rats. The technique was performed

as previously described.26 Briefly, retinas were isolated from enucle-

ated eyes, fixed in formalin, and stored in 0.15 M glycine buffer

solution at 48C for 24 to 48 hours. Retinas were then digested in 3%

trypsin buffer solution at 378C for 1.5 to 3 hours with gentle shaking.

After the digestion, nonvascular components were separated from the

vascular network under a dissecting microscope (Stereo Zoom

Dissecting Microscope; Bausch & Lomb, Rochester, NY) using micro-

tweezers and fine single-haired brushes (Ted Pella Inc., Redding, CA).

Once isolated, the capillary networks were mounted on silane-coated

slides, and further processed for immunostaining and/or morphologic

analysis.

RTD Immunostaining

Analogous to the cell culture protocol, RTDs of wild-type and diabetic

animals were fixed with methanol for 30 seconds, blocked with 2%

BSA–PBS for 4 hours, and incubated with primary antibody solution

containing rabbit anti-Cx30.2T17 at 1:100 dilution, followed by

secondary antibody solution containing rhodamine-conjugated anti-

rabbit IgG at 1:100 dilution. RTDs were then washed and mounted

with an antifade reagent (SlowFade; Molecular Probes/Invitrogen).

Representative digital images were captured with a digital camera

(Nikon F1; Nikon) attached to a fluorescence microscope (Nikon

Diaphot; Nikon). Six to ten random fields were analyzed from each

RTD preparation. Experiments were repeated two times.

Assessment of Acellular Capillaries and Pericyte
Loss

To analyze the effect of Cx30.2 downregulation on retinal capillaries,

RTDs of wild-type and Cx30.2 knockout mice were stained with

hematoxylin and examined for ACs and PL. Briefly, RTD slides were

rinsed with dH2O and immersed in Harris hematoxylin (Sigma) for 2

minutes. Slides were then rinsed with dH2O and subjected to

dehydration via an ethanol gradient followed by clearing with xylene.

Mounting was performed using mounting medium (Permount; Fisher

Scientific, Pittsburgh, PA) and representative images were photographed

with a digital camera (Nikon F1; Nikon), attached to a fluorescence

microscope (Nikon Diaphot; Nikon). An average of six random fields

were scored for ACs and PL from each RTD preparation. ACs were

identified as capillaries devoid of endothelial cells and pericytes. PL was

identified as vacant spaces in the capillary basement membrane formerly

occupied by pericyte nuclei. Experiments were repeated six times.

Statistical Analysis

Data were expressed as mean 6 SD. Control group values represented

100% and all other values were expressed as percentages of the

control. Comparisons between groups were performed with the t-test,

where P < 0.05 was considered to be statistically significant.

RESULTS

High Glucose Downregulates Cx30.2 Expression
In Vitro

To determine if Cx30.2 is expressed in retinal endothelial cells
and assess if its expression is altered by high glucose,

FIGURE 1. Reduced Cx30.2 immunostaining in rat retinal endothelial cells grown in high glucose medium. (A) Representative images show reduced
Cx30.2 immunostaining in RRECs grown in high glucose medium compared with cells grown in normal medium. (B) Bar graph represents the
cumulative data from six experiments and shows significantly reduced Cx30.2 immunostaining in high glucose. Scale bar: 20 lm, *P < 0.05.

IOVS, March 2013, Vol. 54, No. 3 Cx30.2 Downregulation in Endothelial Cells 2363



immunofluorescence microscopy was used to assess the
presence and distribution of Cx30.2 in RRECs. Immunostaining
showed diffuse Cx30.2 protein localization in the cytoplasm
and a brighter ‘‘halo-like’’ distribution around the cell
periphery of RRECs grown in N medium (Fig. 1). The overall
Cx30.2 immunostaining was reduced in the HG cells compared
with N cells (79 6 11% of control, P < 0.002, n¼ 6) (Fig. 2).
Similarly, Cx43 immunostaining performed as double immuno-
labeling showed significant reduction (61 6 15% of control, P

< 0.01, n ¼ 4) in Cx43 immunostaining, confirming previous
results.5

Immunoblotting was performed with total protein isolated
from RRECs grown in either N or HG medium (Fig. 2). WB
analysis showed Cx30.2 signal at the expected molecular
weight size, and consistent with Cx30.2 immunostaining
results, Cx30.2 protein level was significantly reduced in
RRECs grown in HG medium compared with Cx30.2 protein
level in cells grown in N medium (69 6 17% of control, P <
0.05, n ¼ 4). Ponceau-S staining of the WB membrane and b-
actin levels demonstrated equal protein loading (Fig. 2).
Cx30.2 mRNA expression was determined in retinal endothe-
lial cells grown in either N or HG medium by RT-PCR. All
reactions were performed in duplicate and normalized to the
expression of an endogenous housekeeping gene, HPRT.
Cx30.2 mRNA levels were significantly reduced in cells grown
in HG compared with those grown in N medium (39.2 6 7% of

N, P < 0.05). Although HG decreases Cx30.2 expression, the
decrease appears to be more pronounced in the cytoplasm
compared with the cell surface (Fig. 1). This could affect
Cx30.2 transport to the cell surface and compromise its
availability for GJIC in HG condition.

High Glucose–Induced Downregulation of Cx30.2
Expression Significantly Decreases GJIC

SLDT was used to assess the extent of GJIC activity in RRECs
grown in either N or HG medium and those transfected with
scrambled or Cx30.2 siRNA. The average number of dye-
coupled rows of cells on either side of the scrape was reduced
in HG medium compared with those grown in N medium (1.6
6 0.4 vs. 2.7 6 0.8 rows, respectively, n¼ 6) by approximately
50%. Similarly, cells grown in N medium and transfected with
Cx30.2 siRNA showed significantly reduced dye transfer
compared with cells grown in N medium alone (1.5 6 0.3
vs. 2.7 6 0.8 rows, respectively, n ¼ 6), and the siRNA-
mediated Cx30.2 decrease induced apoptosis of endothelial
cells in the absence of HG. The decrease in cell–cell
communication seen in the Cx30.2 siRNA-transfected cells
was comparable to that of cells grown in HG medium alone
(Fig. 3). As control, cells grown in N medium and transfected
with scrambled siRNA showed virtually no difference in dye
transfer compared with cells grown in N medium alone (3.0 6
0.6 vs. 2.7 6 0.8 rows, respectively, n¼ 6).

Reduced Cx30.2 Expression in Retinas of Diabetic
Rats

To determine if Cx30.2 is expressed in retinal blood vessels of
rat and mouse retina, retinal capillary networks isolated by the
RTD technique (as described in the Materials and Methods
section) were subjected to Cx30.2 immunostaining. Capillaries

FIGURE 2. Reduced Cx30.2 expression in rat retinal endothelial cells
grown in high glucose medium. (A) Representative Western blot
analysis shows decreased Cx30.2 protein expression in RRECs grown
in high glucose medium compared with those grown in normal
medium. Ponceau-S and b-actin expressions demonstrate equal protein
loading. (B) Graph represents cumulative data from four experiments,
showing significant downregulation of Cx30.2 protein level in cells
grown in high glucose medium. (C) Graph illustrates cumulative data
showing reduced Cx30.2 mRNA level in cells grown in high glucose
medium. *P < 0.05.

FIGURE 3. Reduced gap junction intercellular communication in rat
retinal endothelial cells transfected with Cx30.2 siRNA. (A) Represen-
tative images showing reduced dye transfer in RRECs grown in high
glucose medium or transfected with Cx30.2 siRNA compared with
cells grown in normal medium or transfected with scrambled siRNA.
(B) Bar graph represents the cumulative data from three experiments
showing significant reduction in the number of dye-coupled cells
grown in high glucose compared with those transfected with Cx30.2
siRNA. Scale bar: 100 lm, *P < 0.05.

FIGURE 5. Reduced Cx30.2 immunostaining in retinal capillaries of
diabetic rats. (A) Representative images show reduced Cx30.2
immunostaining seen as punctate dots and plaques in the retinal
capillary network of diabetic rats. (B) A representative Western blot
shows reduced Cx30.2 protein level in retinas of diabetic rats
compared with those of normal nondiabetic rats. Scale bar: 50 lm.

FIGURE 4. Cx30.2 immunostaining in (A) rat and (B) mouse retinal
capillaries. Representative image shows Cx30.2 immunostaining as
punctate dots or plaques in the retinal capillary network. Scale bar: 50
lm.
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from both wild-type rat and mouse retinas showed a discrete
pattern of fine punctate Cx30.2 plaques throughout the
capillary network (n ¼ 4) (Fig. 4). Distribution of the Cx30.2
signal indicates that Cx30.2 is expressed both in the pericytes
and endothelial cells of the retinal capillaries. Additionally,
Cx30.2 immunostaining seen as punctate dots and plaques was
significantly reduced in the retinal capillary network of
diabetic rats (Fig. 5A). WB analysis confirmed a significant
reduction in Cx30.2 protein level in retinas of diabetic rats
compared with those of normal nondiabetic rats (64 6 21% of
control, P < 0.02, n ¼ 4) (Fig. 5B).

Increased Number of ACs and PL in Retinas of
Cx30.2 Knockout Mice

To determine the consequence of reduced Cx30.2 expression
in the retinal vasculature, retinas of Cx30.2 knockout mice
were analyzed for ACs and PL and compared with those of
wild-type mice. Retinas of Cx30.2 knockout mice showed a
significant increase in the number of ACs and PL compared
with those of wild-type mice (198 6 57% of control, P <
0.002, n ¼ 6; 206 6 50% of control, P < 0.001, n ¼ 6,
respectively) (Fig. 6).

DISCUSSION

In this study we have determined that the gap junction protein,
Cx30.2, is expressed in rat retinal endothelial cells, and that
high glucose significantly downregulates Cx30.2 expression
with concomitant reduction in GJIC. Furthermore, Cx30.2
expression is decreased in retinal vascular cells of diabetic rats
and reduced Cx30.2 expression can contribute to the
development of ACs and PL, characteristic lesions of DR.
These results, derived from an in vitro cell culture model of
hyperglycemia, an animal model of diabetes, and a Cx30.2
knockout mouse, suggest that downregulation of Cx30.2 may
play an essential role in promoting development of retinal
vascular lesions characteristic of DR and disruption of retinal
vascular homeostasis.

Cell-to-cell communication is necessary for retinal vascular
cell survival.5,12,18 Previous studies have determined that rat
retinal endothelial cells express Cx43 and that it is downreg-
ulated by high glucose.5 Furthermore, a previous study has
demonstrated that rat pericytes express at least three
connexins, Cx37, Cx40, and Cx43, which are differently
regulated by high glucose in a culture system.18 We have
extended these studies to demonstrate that Cx30.2, like Cx43,

is downregulated by high glucose in RRECs as well as in the
retinal vascular network in a rat model of diabetes. In previous
studies the downregulation of expression of Cx43 protein by
high glucose was determined to be approximately 59%,5,27

similar to the value of 69% determined for Cx30.2 in cultured
RRECs in the present study. These values for downregulation of
connexins in RRECs are similar to those found in the diabetic
rodent retina for Cx43 (60.7%)12 and for Cx30.2 (64%). The
mechanisms by which diabetes reduces gap junctions are not
known but may involve phosphorylation and a proteasome-
dependent mechanism.27

DR is one of the most common complications in diabetic
patients. The retinopathy is associated with degenerative
changes, which likely involve apoptosis of a variety of vascular
and neural cells. Thus, in the retina, the loss of vascular cells
leads to the appearance of acellular capillaries and pericyte
‘‘ghosts’’ and increased apoptosis of ganglion and amacrine
cells.28 We have previously demonstrated that a decrease in
gap junctions can trigger apoptosis in retinal endothelial cells
as well as in the retina of diabetic mice and in heterozygous
Cx43 KO mice and that this leads to increases in pericyte loss
and development of acellular capillaries.5,12 In the present
study, we extend these observations to demonstrate that loss of
Cx30.2 also results in loss of pericytes and increases in
acellular capillaries. Since loss of either Cx30.2 or Cx43 leads
to these vascular changes, the findings suggest that reduction
in total levels of gap junctions contributes to the observed
phenotypic changes. This would also be consistent with Cx43
and Cx30.2 forming heteromeric and/or heterotypic gap
junctions, as previously demonstrated.29 In the inner retina,
the neuronal cells are associated with the vasculature, likely via
astrocytes. Since both express connexins, an intriguing
possibility is that the changes in connexin expression in one
cell type, such as endothelial cells, may lead to apoptotic
signals to be generated in neighboring cells, such as astrocytes
or ganglion cells, in the absence of GJIC. This would be
consistent with a previous study that indicated the antiapop-
totic effect of endogenous Cx43 in rat primary astrocytes.30

Another important role for such heterocellular and homocel-
lular gap junctions may be in providing nutrients and removing
metabolites from the poorly vascularized inner retina.

It would be important to validate the role of Cx30.2 and its
association with Cx43 in retinal vascular cell loss associated
with DR. Other potential mechanisms involved in high
glucose–induced downregulation of GJIC activity such as
Cx30.2 phosphorylation and internalization of Cx30.2 have
yet to be determined. An investigation into the relationship

FIGURE 6. Downregulation of Cx30.2 expression increases pericyte loss and acellular capillaries. (A) Representative images of retinal capillary
vessels showing an increased number of ACs and PL in Cx30.2 knockout mice compared with those of WT mice. Bar graphs (B, C) represent the
cumulative data from six separate retinas showing a significant increase in the number of ACs and PL, respectively, in Cx30.2 knockout mice. Scale

bar: 20 lm. Arrow, PL, *P < 0.05; double arrows, AC, *P < 0.05. Inset: enlarged view of the area indicated by arrow(s) showing ACs or PL.
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between Cx30.2 and Cx43 may shed light on an approach for
protection against retinal vascular cell loss in DR.
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