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cultures. Image analysis of immunofluorescent stain-
ing demonstrated that bFGF increased (p < 0.05) Cx43
expression in diabetic and nondiabetic fibroblasts.
Western immunoblot analysis revealed bands at 43–
46 kD that were similar in volume for diabetic and
nondiabetic fibroblasts. Thus, gap junctions involving
Cx43 and GJIC among fibroblasts appear to be targets
for bFGF. Fibroblasts of diabetic individuals appear to
have an increased rate of cell–cell coupling, correlat-
ing with a decreased rate of proliferation.
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Introduction

Individuals with diabetes continue to encounter prob-
lems with poor wound healing, contributing to an increased
risk of infection, wound dehiscence, and anastomotic fail-
ures (1). Wound healing is initiated whenever tissue is
injured, and consists of several responses involving migra-
tion, proliferation, differentiation and apoptosis of mul-
tiple cell types (2). It is becoming increasingly apparent
that a number of growth factors play important roles during
wound healing, and exploration of their potential therapeu-
tic usefulness is in progress (3–5). Among the first growth
factors to be identified were fibroblast growth factors
(FGF). It has been demonstrated that basic FGF (bFGF) has
a wide distribution, and a broad specificity for a number of
target cells (6). bFGF affects connective tissue and endothelial
cells, mediating wound repair by directing the migration and
proliferation of fibroblasts and endothelial cells into the wound
environment (7–9). It has been demonstrated that the direct
application of bFGF on full thickness wounds of strepto-
zotocin-induced diabetic rats resulted in increased biome-
chanical strength and histologically mature wounds (10).
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Wound healing involves the interactions of many cell
types, and is controlled in part by growth factors.
Intercellular communication mediated by gap junc-
tions is considered to play an important role in the
coordination of cellular metabolism during the growth
and development of tissues and organs. Basic fibro-
blast growth factor (bFGF), known to be important in
wound healing, has been found to increase Cx43
expression and intercellular communication in endo-
thelial cells and cardiac fibroblasts. It has been pro-
posed that an increased coupling is necessary for the
coordination of these cells in wound healing and
angiogenesis, and that one of the actions of bFGF is to
modulate intercellular communication. The aim of our
study was to evaluate the effects of bFGF on gap junc-
tional intercellular communication (GJIC) in vitro, and
the presence of gap junctional proteins connexin (Cx)
26, Cx32, and Cx43 in fibroblasts of diabetic and non-
diabetic individuals. Fibroblast cell lines (n = 10) were
cultured for 3 d in serum-free media with or without
bFGF (3 ng/mL). Cells were evaluated for the rate of
GJIC by using laser cytometry, and for the presence of
Cx26, Cx32, and Cx43 by immunohistochemical and
Western analyses. All cell types communicated via
contact-dependent mechanisms. The rate of GJIC was
greater (p < 0.01) for diabetic than for nondiabetic
fibroblasts (4.1 ± 0.01 vs 3.3 ± 0.01 %/min). bFGF
increased (p < 0.01) the rate of GJIC for diabetic (4.9
± 0.01 vs 4.1 ± 0.01%) and nondiabetic (4.1 ± 0.01 vs
3.3 ± 0.01%) fibroblasts. Immunohistochemistry iden-
tified Cx26 in the cytoplasm, Cx32 was not detected,
and Cx43 was present on the cellular borders in all
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Fibroblasts enter the wound and begin to lay down a
network of collagen and fibronectin, forming the extracel-
lular matrix that maintains the physical integrity of the
wound. In diabetic models, fibroblasts have been shown to
senescence prematurely, with delayed entry into the wound
site and reduced collagen production (11,12). The local
wound environment and systemic factors interact to modu-
late fibroblast function. These factors may interact through
contact-dependent (gap junctional) and contact-indepen-
dent pathways (13).

Gap junctions are membrane channels between adjacent
cells that permit the exchange of ions and other small mol-
ecules. They consist of two hemi-channels called connexons.
Each connexon consists of six subunit proteins called
connexins (Cx). There are several different types of
connexins, encoded by a multigene family (14,15). Gap
junctions are believed to be critical in regulating growth
and development of organs and tissues, and are found in
almost all mammalian tissues, except circulating red blood
cells and adult skeletal muscle (16). Two connexins, Cx43
and Cx26, have been demonstrated in dermal fibroblasts,
and the pattern of cell–cell communication has been char-
acterized, demonstrating an extensive coupling of dermal
fibroblasts and epidermal keratinocytes. This study also
revealed junctional cell–cell communication taking place
in normal and fully differentiated human skin (17). Studies
of the effects of wounding and bFGF on gap junction func-
tion have implicated the gap junctions as being involved in
cell–cell coordination of wound healing (18–20). It has been
demonstrated that connexin expression and intercellular
communication are altered in response to epidermal wound-
ing, with an upregulation of Cx26 in cells proximal to the
wound, but downregulation of Cx26 at the wound edge
(18). bFGF has been found to increase the expression of
Cx43 and intercellular communication in cardiac fibro-
blasts (19), as well as microvascular endothelial cells in
human skin (20), leading to speculation that it may have the
same effect following injury.

The gap junction is a channel with multiple functions
and likely plays a role in the coordination of wound healing
(21). The role of gap junctional communication in the co-
ordination of fibroblast function in diabetic versus nondia-
betic individuals has not been previously evaluated. The
aim of this study was to investigate the effects of bFGF on
gap junctional intercellular communication (GJIC) and the
expression of gap junctional proteins in fibroblasts from
diabetic and nondiabetic individuals. We hypothesized that
fibroblasts from diabetic individuals may display altered
intercellular communication and/or connexin expression
contributing to delayed fibroblast function in wound repair.

Results
All of the diabetic and nondiabetic fibroblasts commu-

nicated via a contact-dependent (gap junctional) pathway
(Fig. 1). The rate of GJIC was greater (p < 0.01) for diabetic

than for nondiabetic fibroblasts (4.1 ± 0.01 vs 3.3 ± 0.01 %/
min during the first 4 min after photobleaching; Fig. 1). In
addition, bFGF increased (p < 0.01) the rate of GJIC for
diabetic (4.9 ± 0.01 vs 4.1 ± 0.01%) and nondiabetic (4.1±
0.01 vs 3.3 ± 0.01%) fibroblasts (Fig. 1).

Across all cultures, there was no effect on the rate of
GJIC for cells which were not photobleached (positive
control), or for cells which were photobleached but not in
contact with other cells (negative control). The rate of dye
transfer for these cells was negligible (0.02 ± 0.001%, n =
329 for positive control and 0.03 ± 0.001%, n = 38 for
negative control over the first 4 min of the assay), showing
that nonspecific photobleaching or leakage of fluorescent
probe from the cells was negligible.

Connexin 43 was localized primarily on the cellular
borders of all cells types, but cytoplasmic staining was also
observed (Fig. 2A,B). Image analysis demonstrated that
bFGF increased (P < 0.01) Cx43 expression in diabetic and
non-diabetic fibroblasts (Fig. 3). Connexin 26 was local-
ized in the cytoplasm of all cell types (Fig. 2C), and the
pattern of expression was similar in control and bFGF-
treated cultures.  Preabsorbtion of the antibodies with their
corresponding connexin peptide resulted in a complete lack
of staining for Cx26 or Cx43 (similar to Fig. 2D). Cx32 was
not detected in cultured fibroblasts (data not shown).

Western immunoblot analysis for Cx43 revealed bands
in the range of 43–46 kD in diabetic and nondiabetic fibro-
blasts. Statistically significant effects of bFGF were not
observed, probably owing to the high variation among
samples (Figs. 4 and 5). Rat heart, used as a positive con-
trol in the Cx43 assay, revealed one band at 43 kD (data
not shown). Similar to immunohistochemistry, Cx32 was
not detected in cultured fibroblasts by Western analysis
(data not shown).

Discussion

Many of the acute metabolic abnormalities in diabetes
are a result of insulin deficiency, but the mechanisms
underlying the connective tissue changes of the diabetic
state, including poor wound healing, are poorly understood.
Fibroblasts are important cells in the wound healing pro-
cess, functioning to lay down an extensive network of col-
lagen and fibronectin, leading to a mature, well-healed
wound (22). Being key players in wound healing, detailed
evaluation of their metabolism and functions, including
cellular interactions and their regulation, should lead to a
better understanding of the healing process in general, and
the impairment characteristic of diabetic wounds.

The present data demonstrated that diabetic and nondia-
betic fibroblasts communicated through gap junctional,
contact-dependent mechanisms, and GJIC was greater in
diabetic than nondiabetic cells. Gap junctions enable cells
to share a metabolic load, and therefore assist with tissue
homeostasis. The number of plaques of gap junctions
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between adjacent cells seems to be proportional to the meta-
bolic cooperation between these cells (23). This could
account for the increased GJIC seen in diabetic fibroblasts.
In addition, it has been demonstrated that there is an inverse
correlation of cell replication and GJIC in some cell lines
(23). In our experiment, diabetic fibroblasts had a doubling
time of 97.3 ± 25.4 h (n = 5 cultures), but nondiabetic fibro-
blasts had a doubling time of 77.6 ± 22.8 h (n = 5 cultures;
Abdullah et al., unpublished observation), suggesting that
the greater rate of GJIC of diabetic fibroblasts may be cor-
related with their slower rate of proliferation.

Connexins have been shown to be specific gap junction
proteins, therefore, the localization of connexins is widely
used for identification of gap junctions in a variety of tis-
sues (23–25). In the present study, Cx26 and Cx43 were
detected in diabetic and nondiabetic fibroblasts, and their
expression was similar in both. Cx43 was localized prima-
rily on the cellular borders of fibroblasts, Cx26 appeared to
be present in the cytoplasm, and Cx32 was not detected. In
numerous other tissues and cell types, Cx43 has also been
localized on cellular borders (24–29). Studies have indi-
cated that Cx26 is present either on cell borders or in the
cytoplasm, depending on the cell type (25). Cx26, Cx32,
Cx40, and Cx43 have been identified in mouse skin (30).
Cx43 and Cx26 have been identified in the dermis and
epidermis of human skin (17). In addition, it has been sug-
gested that Cx43 could be the predominant gap junctional
protein in keratinocyte-to-keratinocyte communication
(17). In agreement with these observations, our data sug-
gest that Cx43 rather than Cx26 is more important for GJIC
of fibroblasts, since Cx43 but not Cx26 expression was
regulated by bFGF.

Growth factors have been identified as playing an
important role in initiating and modulating wound healing.
Several studies have indicated that bFGF functions to attract
fibroblasts into the wound, stimulate their proliferation,
influence extracellular matrix deposition, and augment tis-
sue repair in impaired healing models (4,7).

The present study demonstrated that bFGF increased
GJIC among diabetic and non-diabetic fibroblasts and
upregulated the expression of Cx43. These results demon-
strate that bFGF functions to upregulate gap junction func-
tion and formation in both human diabetic and non-diabetic
fibroblasts.

Several studies have indicated the role of the gap junc-
tions in wound healing. Pepper and Meda (20) demonstrated
an increased coupling and Cx43 expression after mechani-
cally wounding a confluent layer of endothelial cells, and
this effect was reduced by antibodies to bFGF. These results
suggest that bFGF effects on cellular coupling may at least
partially mediate the coordination of endothelial cells dur-
ing angiogenesis. Goliger and Paul (18) demonstrated an
altered connexin expression in response to epidermal
wounding, and Doble and Kordami (19) showed that bFGF
may modulate fibroblast communication and Cx43 expres-
sion during cardiac repair after infarct. These data demon-
strate that gap junction function is affected by bFGF. This
suggests that gap junctions are regulated by growth factors
that may be involved in the cellular coordination and activ-
ity in wound repair.

In summary, the present data demonstrated that diabetic
and nondiabetic fibroblasts communicate via contact-
dependent mechanisms, that the rate of communication was
greater in diabetic than nondiabetic fibroblasts, and that

Fig. 1. Effects of bFGF on GJIC of diabetic and nondiabetic fibroblasts. SEM = 0.1-0.2 across cell types and treatments. (A,B) Values
differ (p < 0.01) within diabetic or nondiabetic fibroblasts (with bFGF vs without bFGF); a,b values differ (p < 0.01) between types of
fibroblasts cultured without bFGF. Numbers within bars indicate number of cells evaluated.
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bFGF increased Cx43 expression and GJIC in both cell
types. Elevated GJIC in diabetic fibroblasts may be due to
altered metabolism in conditions of hyperglycemia, and
may be one of the mechanisms involved in homeostasis.
One of the mechanisms of enhanced healing seen with
bFGF may be its effect on gap junctions and intercellular
communication. Whether bFGF acts solely via the inser-
tion of newly synthesized Cx43 into the plasma membranes
of fibroblasts, or also affects the conductance and perme-
ability of existing gap junctions requires additional studies.
Our study suggests that bFGF and its effect on intercellular
communication may mediate the coordination of fibroblast
function. Our findings also indicate that fibroblasts of dia-
betic individuals function similarly to non-diabetic fibro-
blasts in terms of gap junction expression and bFGF
mediated intercellular communication. Unraveling the
impact of bFGF on gap junction expression and intercellu-
lar communication, and the influence of these in normal
and impaired wound healing, may lead to a better under-

standing of the process of wound repair in general, and also
of the mechanism of delayed wound healing seen in diabetes.

Materials and Methods
Cell Culture

Skin fibroblasts from mature onset diabetic (n = 5) and
nondiabetic (n = 5; passages 4–7) men (ages 33–46) were
purchased from Coriell Institute for Medical Research,
Camden, NJ. The day after arrival, the cells were removed
from plastic transport dishes by using trypsin (Gibco, Grand
Island, NY, 0.1% in phosphate buffered saline containing
0.02% EDTA), counted, and split into two T-75 Falcon
dishes. The cells were cultured in minimum essential media
Eagle (MEME, Sigma, St. Louis, MO) supplemented with
20% heat inactivated fetal bovine serum (FBS; Gibco), 2
mM glutamine (Sigma), nystatin (Sigma), 100 U/mL peni-
cillin-G and 100 µg/mL streptomycin (Gibco) in a humidi-
fied atmosphere of 95% air, 5% CO2 at 37°C for 8–15 d.
Media were changed every 2–3 d.

Fig. 2. Immunofluorescent localization of Cx43 in nondiabetic fibroblasts cultured (A) without and (B) with bFGF, and (C) Cx26 in non-
diabetic fibroblasts cultured without bFGF. Micrographs show representative staining. (D) represents control staining. Bar = 20 µm.
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Fig. 3. Effects of bFGF on Cx43 expression evaluated by image analysis of immunofluorescently stained cultured fibroblasts. SEM =
0.003 and 0.01 for fibroblasts cultured without and with bFGF, respectively. (A,B) Values differ (p < 0.01) within type of fibroblast.

Fig. 4. Western analysis of Cx43 in diabetic and nondiabetic fibroblasts. Lanes 1-4 demonstrate representative samples of (1) diabetic
fibroblasts cultured without bFGF; (2) diabetic fibroblasts cultured with bFGF; (3) nondiabetic fibroblasts cultured without bFGF; and
(4) nondiabetic fibroblasts cultured with bFGF. Standard is indicated by its mol-wt value (×103).

Fig. 5. Densitometric evaluation of Western immunoblot analysis of Cx43 in diabetic and nondiabetic fibroblasts. Data are expressed
as relative optical density units.
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After the cells reached confluency, they were removed
from the dishes by using trypsin, counted and plated on 30-
mm Petri dishes at a concentration of 3–4 × 104 cells/clon-
ing cylinder (Id. 5 mm; Belco Glass, Vineland, NJ). Cloning
cylinders were used to facilitate cell–cell contact by con-
centrating the cells in a small area. After 24 h of incubation,
serum-containing media was replaced with serum-free
media (MEME, 2 mM glutamine, nystatin and antibiotics)
and cultured for an additional 3 d with or without human
bFGF (3 ng/mL; Boehringer Mannheim, Indianapolis, IN).
The dose of bFGF was chosen on the basis of preliminary
and previous experiments (31,32, Boehringer Mannheim).
Cells from each culture were then used for evaluation of
GJIC by using laser cytometry, and for immunohistochemi-
cal localization of gap junctional proteins Cx26, Cx32, and
Cx43, as described below. In addition, cells from each
culture were cultured on 60-mm Petri dishes at a concentra-
tion of 1 × 106 cells/dish, treated as described above, then
used for gap junctional protein detection using Western
immunoblot analysis, as described below. For all cultures,
for GJIC, immunohistochemistry and Western immunoblot
every treatment was performed in duplicate.

Analysis of Gap Junctional Intercellular Communication
(GJIC)

GJIC between cells in culture was monitored with an
ACAS 570 laser cytometer (Meridian Instruments, Okemos,
MI) using a fluorescence recovery after photobleaching
(FRAP) technique as described previously (33–35). Briefly,
after incubation with treatments, medium was removed
from each dish, and medium containing a fluorescent probe
(CFDA-AM, 20 µM; Molecular Probes, Eugene, OR) was
added. After a 15-min incubation (22°C), dishes were rinsed
three times with serum-free medium to remove excess
CFDA-AM. Dishes were then placed onto the interactive
laser cytometer, and three fields (180 × 180 µm/field) on
each dish were identified for scanning. For each field, 6–12
cells were selected and analyzed for initial fluorescence
intensities. Immediately after measurement of initial fluo-
rescence, the fluorescent probe was photobleached in 4–8
selected cells in each field. To determine the rate of FRAP,
the fluorescence intensity of all selected cells was quanti-
fied every 4 min for 8 min after photobleaching. As reported
previously, recovery of fluorescence could only be due to
transfer of the fluorescent probe from the adjacent cells that
were not photobleached, and only the linear portion of fluo-
rescence recovery curve (first 4 min after photobleaching)
was used for statistical analysis. Treatment did not affect
the initial fluorescence intensities of the fibroblasts, indi-
cating that uptake of the fluorescent probe was similar
among treatment groups.

Immunohistochemistry

The presence of Cx26, Cx32, and Cx43 in cultured fibro-
blasts was evaluated by using an immunofluorescent

method as described previously (36). Fibroblasts were fixed
in ethanol:glacial acetic acid (5.7:1) for 20 min, and then
were treated for 20 min. with blocking buffer consisting of
PBS (0.01 M phosphate, 0.14 M NaCl, pH 7.3) containing
0.3 % (v/v) Triton X-100 (Malinckrodt, Paris, KY), and 1%
(v/v) normal goat serum (Vector Labs., Burlingame, CA).
Cells were then incubated with a polyclonal antibody
against Cx26, Cx32, or Cx43 (Zymed, San Francisco, CA)
overnight at 4°C. Detection of primary antibodies was
accomplished by using FITC-conjugated secondary anti-
body (goat antirabbit IgG; Boehringer Mannheim, India-
napolis, IN). Control staining consisted of replacing the
primary antibody with the same dilution of rabbit serum
(36). To evaluate specificity of staining for Cx26 and Cx43,
antibodies (Zymed) were preabsorbed by using Cx26 or
Cx43 peptides (Zymed). Antibodies were mixed with the
appropriate peptide at the ratio of antibody:peptide recom-
mended by the manufacturer, and incubated for 3 h at room
temperature. The cultured cells were treated as described
above, but the primary antibody was replaced by the mix-
ture of preincubated antibody:peptide.

Image Analysis

For cultured fibroblasts, the percentage of the total cel-
lular area that exhibited immunofluorescent staining for
Cx43 was evaluated quantitatively with an image analysis
system (VIDAS ver. 2.5; Roche Image Analysis System,
Los Altos, CA) as described previously (36). For each cul-
ture, seven randomly chosen fields (0.025 mm2 per field)
were evaluated in duplicate plates of nontreated or bFGF-
treated culture dishes (n = 28 measurements/culture). Back-
ground fluorescence was minimal and was adjusted to the
same level for each section by the image analysis system.
The data are reported as the mean percentage ± SEM of the
total area within each field that exhibited positive staining.

Western Immunoblot Analysis

Western analysis was performed as described previously
in detail (36). After culture, cells were removed from petri
dishes by using a rubber policeman, then homogenized in
buffer (1% cholic acid [w/v], 0.1% SDS [w/v] in PBS), and
sonicated with an ultrasonic processor (Sonics & Materi-
als, Danbury, CT). Samples of protein from cultured fibro-
blasts (100 µg), and a mouse liver lysate (Zymed, used as
a positive control in Cx32 detection) or rat heart (30 µg,
used as a positive control in Cx43 detection) were added to
loading buffer, boiled for 2 min, then applied to a 12%
polyacrylamide gel with a 3% stacking gel (37). After elec-
trophoresis, separated proteins were electroblotted onto an
Immobillon-P membrane (Milipore, Bedford, MA), then
immunoblotted with monoclonal or polyclonal antibodies
against Cx32 or Cx43 (Zymed) respectively. Membranes
were then incubated with an antimouse antibody or peroxi-
dase-labeled antirabbit (Amersham International plc, Little
Chalfont, England) followed by detection by using ECL
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reagents (Amersham). Densitometry was used to measure
the intensity of bands, and was performed by using a den-
sitometer (Model PDSI; Molecular Dynamics, Sunnyvale,
CA) as described previously (34). After scanning the auto-
radiograph, a grid was drawn so that each sample was con-
tained within rectangles of equal size, and the densitometric
area contained within each rectangle was given a volume
measurement.

Statistical Analysis

Data for the rates of GJIC, image analysis of Cx43 in
cultured fibroblasts and densitometry of Western immuno-
blots were analyzed by using the general linear models
(GLM) analysis of variance procedure, with the effects of
culture type (diabetic vs nondiabetic) and treatment (no
treatment vs bFGF-treatment) and the culture type x treat-
ment interaction included in the model (38). When an F-test
was significant (p < 0.05) differences between specific
means were evaluated by Bonferroni’s multiple compari-
son procedure (39).
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