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Abstract: Fetal and neonatal pancreatic islets present a lower insulin secretory response as compared with adult islets.
Prolonged culturing leads to an improvement of the glucose-induced insulin secretion response in neonatal pancreatic
islets that may involve regulation of gap junction mediated cell communication. In this study, we investigated the effect
of culturing neonatal islet cells for varying periods of time and with different glucose medium concentrations on the
cellular expression of the endocrine pancreatic gap junction associated connexin (Cx) 36 and Cx43. We report here that
the 7-d culture induced upregulation of the expression of these junctional proteins in neonatal islets in a time-
dependent manner. A correlation was observed between the increased mRNA and protein expression of Cx36 and Cx43
and the increased insulin secretion following islet culturing. In addition, increasing glucose concentration within the
culture medium induced a concentration-dependent enhancement of Cx36 islet expression, but not of Cx43 expression
in cultured neonatal islets. In conclusion, we suggest that the regulation of gap junctional proteins by culture medium
containing factors and glucose may be an important event for the maturation process of β cells observed at in vitro
conditions.
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Résumé : Les îlots pancréatiques fœtaux et néonatals ont une réponse insulino-sécrétoire plus faible que les îlots adul-
tes. Une mise en culture prolongée améliore la sécrétion d’insuline induite par le glucose dans les îlots néonatals, ce
qui pourrait impliquer la régulation de la communication intercellulaire par les jonctions lacunaires. Dans la présente
étude, nous avons examiné l’effet de la mise en culture de cellules insulaires néonatales, à diverses périodes et avec
différentes concentrations de glucose, sur l’expression des protéines Cx36 et Cx43 associées aux jonctions lacunaires
endocrines pancréatiques. Nous montrons qu’une culture de 7 jours augmente l’expression de ces protéines jonctionnel-
les en fonction du temps dans les îlots néonatals. Nous avons observé une corrélation entre l’augmentation de l’expres-
sion de des protéines Cx36 et Cx43 et de leur ARNm et une augmentation de la sécrétion d’insuline après la mise en
culture des îlots. De plus, l’augmentation de la concentration de glucose dans le milieu de culture a induit une aug-
mentation concentration dépendante de l’expression de Cx36, mais pas de Cx43, dans les îlots néonatals. En conclu-
sion, nous suggérons que la régulation des protéines des jonctions lacunaires par un milieu de culture contenant des
facteurs et du glucose pourrait être une phase importante de la maturation in vitro des cellules β.

Mots clés : connexine 36, connexine 43, jonctions lacunaires, sécrétion d’insuline, maturation in vitro, îlots pancréati-
ques néonatals.
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Introduction

Gap junctions (GJs) are intercellular channels formed by
the linkage of 2 hemichannels, or connexons, across the
extracellular space (Kumar and Gilula 1996). Each
hemichannel consists of 6 integral transmembrane protein

subunits, named connexins (Cx). These gap junctional pro-
teins form the connexin superfamily composed of at least 20
members, each of which is encoded by a separate gene and
appears to have a cell- and tissue-specific distribution.
Intercellular channels provide a pathway for direct
intercellular exchange of both ions and molecules with a
molecular mass below 1000 Da, allowing cell–cell commu-
nication (Kolb and Somogyi 1991; Kumar and Gilula 1996).
Gap junctions are thought to coordinate several cellular ac-
tivities, such as contraction of cardiac and smooth muscle
(Kolb and Somogyi 1991), transmission of neuronal signals
in electric synapses (Rozental et al. 2000), embryonic pat-
tern formation during development (Lo 1996), and secretion
in exocrine and endocrine glands (Meda 1996).

Insulin-secreting pancreatic β cells are connected by clus-
ters of minute gap junctions observed in intact and isolated
islets of Langerhans and in cultured endocrine pancreatic
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cell lines (Collares-Buzato et al. 2001; Meda 1996; Meda et
al. 1991). Experimental evidence indicates a contribution of
the GJ-mediated cell coupling to the control of insulin secre-
tion. Single β cells show an altered endocrine functioning,
characterized by an increased basal release of insulin, poor
secretory responsiveness to secretagogues, decreased hor-
mone biosynthesis, decreased expression of the insulin gene,
and loss of the normal cAMP-dependent control of insulin
secretion (Bosco et al. 1989; Halban et al. 1982; Pipelleers
et al. 1982). Restoration of β cell to β cell contacts is fol-
lowed by a rapid improvement of the insulin secretion pro-
cess (Bosco et al. 1989; Halban et al. 1982; Pipelleers et al.
1982). In addition, several insulin-producing cell lines,
which show multiple secretory defects as judged by a mark-
edly low insulin content and loss of responsiveness to the
glucose stimulus, have also lost the ability to directly ex-
change cytoplasmic molecules through junctional channels
(Vozzi et al. 1995). In vivo and in vitro stimulation of insu-
lin release was found to be associated with an enhancement
of β cell coupling due to an increase in the number of gap
junctions and Cx43 expression (Collares-Buzato et al. 2001;
In’t Veld et al. 1985; Meda et al. 1979, 1983). Recently,
Serre-Beinier and colleagues (2000) found that Cx36 is also
expressed by insulin-producing β cells, but not by other en-
docrine islet cell types. In comparison with Cx43, Cx36 has
been less studied in the endocrine pancreas, although a cen-
tral role of this connexin in β cell function has been sug-
gested (Calabrese et al. 2001; Serre-Beinier et al. 2000).

It is well known that fetal and neonatal pancreatic islets
present a lower insulin secretory response as compared with
adult islets. Under culture conditions and following treat-
ment with mammosomatotropic hormones, neonatal islets
undergo maturation of the secretory machinery that might
involve regulation of cell–cell contacts within the islet
(Boschero et al. 1993; Collares-Buzato et al. 2001; Crepaldi
et al. 1997). We have recently demonstrated a correlation be-
tween the increased expression of junctional proteins, such
as Cx43 and β-catenin, and an increase in insulin secretion
following the culture of neonatal islets (Collares-Buzato et
al. 2001). There has been an increasing interest in develop-
ing adequate culture conditions for fetal and neonatal pan-
creatic β cells and their cell precursors owing to their
potential use in transplantation for diabetes treatment (De La
Tour et al. 2001; Itkin-Ansari et al. 2000). Studies on
growth, maturation, and differentiation of pancreatic fetal β
cells will allow optimization of the in vitro maintenance of
these cells before transplantation.

In this study we investigated the effect of culture period
and glucose concentration on the expression of Cx36 and
Cx43 in neonatal islet cells. We report here that the rela-
tively prolonged culture of neonatal islets induces upreg-
ulation of the expression of these junctional proteins. A
correlation was observed between the increased mRNA and
protein expression of Cx36 and Cx43 and an increase in in-
sulin secretion following islet culture at varying periods of
time and increasing concentrations of glucose medium. We
suggest that the regulation of gap junctional proteins by cul-
ture medium-containing factors and glucose may be an im-
portant event for the maturation process of β cells observed
under in vitro conditions.

Materials and methods

Materials
Chemicals, reagents and cell culture media were supplied by

Sigma (St. Louis, Mo.). Antibiotic and fetal calf serum to sup-
plement culture media were purchased from Cultilab
(Campinas, SP, Brazil.) or Nutricell (Campinas, SP, Brazil). All
sterile plastics (Petri dishes and Multiwell plates) were pur-
chased from Falcon (Becton Dickinson Inc., Oxford England)
or Corning Scientific Instruments (Corning, N.Y.). Radio-
labelled insulin–125I and protein A–125I were obtained from
Amersham Life Science (Cleveland, Ohio). Anti-Cx36
polyclonal antibody (CAT No. 516300) and anti-Cx43
monoclonal antibody (CAT No. 138300) were supplied by
Zymed Laboratories (San Francisco, Calif.). The peroxidase
conjugated secondary antibodies were supplied by Sigma,
Zymed Laboratories, or Santa Cruz (Santa Cruz, Calif.). The
Chemiluminescent SuperSignal West Pico Substrate Kit was
purchased from Pierce (Rockford, Ill.).

Prolonged culture of islets of Langerhans
Islets from neonatal (24 to 48 h old) Wistar rats were ob-

tained as previously described (Collares-Buzato et al. 2001;
Crepaldi et al. 1997). They were maintained in culture in
sterile Petri dishes at 37 °C in a humidified 5% CO2 – air at-
mosphere. The culture medium consisted of RPMI-1640
containing 10 mmol glucose/L supplemented with 5% fetal
calf serum (heat inactivated), 100 IU penicillin/mL, and
100 µg streptomycin/mL. The dishes were divided into 3 ex-
perimental groups: neonatal islets cultured for 1 d (group
N1d), neonatal islets cultured for 3 d (group N3d), and neo-
natal islets cultured for 7 d (group N7d). The culture me-
dium was changed every second day until the end of each
culture period. At the end of the culture period, the islets
were individually collected under a dissecting microscope us-
ing a micropipette. Some of these islets were used to deter-
mine insulin secretion. The remainder were frozen at –70 °C
in an antiprotease cocktail (10 mmol imidazole/L (pH 8.0),
4 mmol EDTA/L, 1 mmol EGTA/L, 0.5 µg pepstatin A/mL,
200 kIU aprotinin/mL, 2.5 µg leupeptin/mL, 30 µg trypsin
inhibitor/mL, 200 µmol DL-dithiothreitol/L, 200 µmol phenyl-
methylsufonyl fluoride/L) for immunoblot, or in Trizol solu-
tion (GIBCO BRL, Gaithersburg, Md.) for total RNA
extraction.

Islet culture in different concentrations of glucose
Isolated neonatal islets were cultured in RPMI supple-

mented as described above, containing 2.8 mmol glucose/L,
5.6 mmol glucose/L, or 10 mmol glucose/L. The glucose
content of each medium was determined before use by a glu-
cose assay kit (Labor Lab, Guarulhos, SP, Brazil). The cul-
ture medium was changed every day up for up to 3 d. At the
end of the culture period, the islets were individually col-
lected under a dissecting microscope using a micropipette.

Western blot
A pool of at least 1000 islets from each experimental

group was sonicated for 15 s in the antiprotease cocktail de-
scribed above. The total protein content in the islet homoge-
nate was determined by the DC protein assay kit (Bio-Rad
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Laboratories, South Richmond, Calif.). To detect Cx43,
samples were centrifugated and the supernatant protein con-
tent was quantified. Aliquots of islet homogenate of each ex-
perimental group containing 70 µg of total protein were
incubated for 60 min at 37 °C with 20% of total volume
with 5× concentration Laemmli sample buffer (1 mol so-
dium phosphate/L (pH 7.8), 0.1% bromophenol blue, 50%
glycerol, 10% SDS, 2% mercaptoethanol). These aliquots
were fractionated by electrophoresis in an 8% poly-
acrylamide gel for detection of Cx43 or in a 10% poly-
acrylamide gel for detection of Cx36. Electrotransfer of
Cx36 protein from gel to nitrocellulose (Bio-Rad Labora-
tories) membrane was performed for 1 h at 120 V whereas
the electrotransfer of Cx43 to nitrocellulose membrane was
performed for 1 h at 20 V in the absence of methanol and
SDS. The membranes were stained with ponceau S solution
(Sigma) to check efficiency of transfer, and only those mem-
branes in which all of the lanes had an identical color inten-
sity were used for immunoblotting. The membranes were
saturated with 5% dry skimmed milk in TTBS buffer
(10 mmol Tris/L, 150 mmol NaCl/L, 0.5% Tween 20) over-
night at 4 °C. Cx36 was detected in the membrane after 4 h
of incubation at room temperature (RT) with a rabbit
polyclonal antibody against Cx36 (CAT No. 516300)
(Zymed Laboratories) (dilution 1:500 in TTBS plus 3% dry
skimmed milk), followed by a 2-h incubation at RT with
1 µCi of 125I-labelled protein A (37.6 µCi/µg) in 10 mL of
TTBS plus 1% dry skimmed milk. Alternatively, the Cx36
expression was also detected by chemiluminescence after a
1-h incubation at RT with the same primary antibody fol-
lowed by 1-h incubation at RT with anti-rabbit IgG conju-
gated with peroxidase (dilution 1:1000 in TTBS plus 1% dry
skimmed milk). Cx43 was detected in the membrane after a
2-h incubation at RT with a mouse anti-Cx43 monoclonal
antibody (Zymed Laboratories, San Fransisco, Calif.) (dilu-
tion 1:500 in TTBS plus 3% dry skimmed milk). The mem-
brane was then incubated with a rabbit anti-mouse IgG
(dilution 1:1500 in TTBS plus 3% dry skimmed milk), fol-
lowed by another 2-h incubation at RT with 1 µCi of 125I-
labelled protein A in 10 mL of TTBS plus 1% dry skimmed
milk). Radiolabelled protein bound to the antibodies was de-
tected by autoradiography. Band intensities in the developed
film were quantified by optical densitometry using the Scion
Image Release Beta 4.0.2 Software (Frederick, Md.). Before
being used, each new batch of Cx36 and Cx43 antibodies
was first tested for its specificity in rat brain and heart
homogenates, respectively. To ensure equal amounts of pro-
tein were loaded in all lanes, the membranes were reprobed
with an antibody against the cytoskeletal protein vinculin
(Sigma), used herein as an internal standard, because it has
been shown that its expression does not change over cultur-
ing in neonatal islet cells (Collares-Buzato et al. 2004).

Semi-quantitative RT-PCR
A standard protocol of RT-PCR was used (Arantes et al.

2002) with some modifications for detecting connexin mRNA
expression. A pool of 500 islets was lysed in 1 mL of Trizol so-
lution (GIBCO BRL, Gaithersburg, Md.), followed by 10 s of
homogenization in vortex. The total RNA was extracted using
the single step acid–guanidium–thiocyanate–phenolchloroform

method as described by the manufacturer. RNA concentra-
tions were determined by measuring the optical absorbance
at A260. cDNA was synthesized from 2 µg of islet RNA in a
volume of 25 µL using the RNase H– reverse transcriptase
SuperScript II and random primers (GIBCO BRL). The
cDNA samples were stored at –20 °C.

Primers
The Cx43, Cx36, and β-actin transcripts in neonatal pan-

creatic islets were determined by PCR using the following
primer pairs: for Cx43, sense 5′-CCGACGACAACCAGA-
ATGCC-3′ and anti-sense 3′-GAACCCTATCGACCCGCT-
TG-5′ that amplified a 322-bp cDNA fragment; for Cx36,
sense 5′-AGTGGTGGGAGCAAGCGAGAAG-3′ and anti-sense
3′-CCGAAGTCACAGGGTCCCAACA-5′, which amplified
a 282-bp cDNA fragment; and for β-actin, sense 5′-
ACCACAAGCTGAGAGGGAAATCG-3′ and anti-sense 3′-
CGTTTACGAAGATCCGCCTGAC-5′.

RT-PCR analysis
PCR was done in 25-µL volumes using 1 µL of cDNA as

template. The PCRs contained: 2.5 µL of 10× concentration
PCR buffer (GIBCO BRL), 0.75 µL of 50 mmol MgCl2/L
(GIBCO BRL), 0.5 µL of 10 mmol dNTP mixture/L
(GIBCO BRL), 0.5 µL of 100 pmol/L of each primer, and
0.2 µL of Taq DNA polymerase (GIBCO BRL). The optimal
amplification cycle number was defined for each primer pair
(for Cx43, Cx36, and β-actin) after titration between 15 and
40 cycles using RNA samples of the N1d group. The cycle
numbers were all within the logarithmic phase of amplifica-
tion (corresponding to the number of cycles 2 points below
the amplification plateau value). After a 5-min start at 94 °C,
amplification of Cx43 was done for 25 cycles, each compris-
ing 30 s at 94 °C, 30 s at 57 °C, and 45 s at 72 °C, using a
PCR Thermal Cycler 9600 (PerkinElmer Cetus, Boston,
Mass.). After the last cycle, an elongation step of 4 min at
72 °C was performed. The amplification of Cx36 was car-
ried out for 35 cycles, comprising the same steps described
above. In all cases, negative controls were provided by sub-
mitting a sample of water to amplification. β-actin expres-
sion (23 cycles) was used as an internal control in all PCRs.
Aliquots (10 µL each) of the amplified DNA fragments were
separated on 2% agarose, and after electrophoresis the gels
were stained with ethidium bromide. The band intensities
were determined by digital scanning followed by quantifica-
tion using Scion Image analysis software (Frederick, Md.).
To permit comparison of the connexin gene expression de-
gree between experimental groups, the signal of the internal
control (β-actin) was used to normalize the sample data.

Insulin secretion
After culture, islets were gently detached from the plates

under a dissecting microscope. Clean islets were washed
with a bicarbonate-buffered solution (pH 7.4; equilibrated
with a mixture of 95% O2 – 5% CO2) (composition: 115 mmol
NaCl/L, 5 mmol KCl/L, 1 mmol CaCl2/L, 1 mmol MgCl2/L,
24 mmol NaHCO3/L, 3 mg bovine serum albumin/mL), con-
taining glucose at the same concentration as that used in the
culture medium. Groups of 10 islets from the different
experimental groups were placed within each well of the
24-multiwell plates and incubated with 1 mL of the bicar-
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bonate-buffered solution containing 10 mmol glucose/L for
2 h. After the incubation period, aliquots of the supernatant
were taken and stored at –20 °C. The insulin content of
these samples was determined by radioimmunoassay and
was expressed as nanograms per islet × time (h).

Statistical analysis
All numerical results are expressed as the mean + stan-

dard error (SE) (except for Fig. 4). For multiple compari-
sons, the statistical significance was assessed by ANOVA
followed by the Bonferroni test to compare pairs of groups.
The significance level was set at p < 0.05.

Results

Figure 1 shows the insulin secretory response in neonatal
pancreatic islets when cultured at varying periods of time
and with a culture media containing different glucose con-
centrations. As described in Fig. 1a, groups of islets cultured
for only 1 d (N1d) showed a significantly lower secretion
than groups of islets cultured for 3 d (N3d) (p < 0.01) and
7 d (N7d) (p < 0.001). Yet, the N7d group showed a signifi-
cantly greater secretion when compared with the N3d group
(p < 0.01). Figure 1b shows the insulin secretion by islets
cultured for 3 d in different concentrations of glucose within
the medium. The groups of islets cultured with 10 mmol
glucose/L (N3d 10) showed significantly greater secretion
when compared with the group of islets cultured with
10 mmol glucose/L for only 1 day (N1d 10) (p < 0.001). A
significant increase in insulin release was also detected in
N3d 10 group when compared with the groups of islets cul-
tured with 2.8 mmol glucose/L (N3d 2.8; p < 0.001) and
5.6 mmol glucose/L (N3d 5.6; p < 0.001) for the same pe-
riod of time.

To assess whether these in vitro alterations in insulin se-
cretion were followed by changes in expression of GJ-
associated proteins in homogenized islet samples, the
expression of Cx36 and Cx43 in isolated islets was assessed
by Western blotting. As shown in Figs. 2 and 3, islet cultur-
ing for 7 d resulted in a significant increase in the expression
of Cx36 (as compared with N1d, p < 0.001, and with N3d,
p < 0.01) (Figs. 2a and 2b) and Cx43 (as compared with
N1d, p < 0.001, and with N3d, p < 0.05) (Figs. 3a and 3b).
A significantly higher increase in the expression of both
connexins was also verified in the N3d group in comparison
with the N1d group (p < 0.05). In the case of Cx36, the anti-
body also detected a band displaying a MW just below
71 kDa in some blots (as indicated by the molecular mass
marker) only in islets cultured for 7 d and in the rat brain
(data not shown). According to the antibody manufacturer,
this band corresponds to a homodimer form of Cx36 protein.

To detect the level of expression of Cx36 and Cx43 tran-
scripts in cultured neonatal islets, an analysis was carried out
by semi-quantitative RT-PCR on the total RNA, using spe-
cific primers expected to amplify part of the coding se-
quence of Cx36 and Cx43 mRNA (Fig. 4). As compared
with the islet group cultured for only 1 d, prolonged cultur-
ing increased the Cx36 gene expression in 40% and 87% in
the groups of islets cultured for 3 and 7 d, respectively,
(Figs. 4a and 4c). Furthermore, prolonged culturing also in-

duced an increase of 49% in the expression of Cx43 in the
N3d group and an increase of 63% in the N7d group in com-
parison with the N1d group (Figs. 4b and 4d).

To evaluate whether the glucose concentration within the
culture medium alters the expression of GJ-associated pro-
teins, an analysis was carried out by Western blotting using
islet samples cultured for 3 d in different concentrations of
glucose. Figure 5 shows a glucose-dependent increase in
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Fig. 1. Influence of prolonged culturing and glucose medium
concentration on insulin secretion in neonatal islets. (a) Neonatal
islets were cultured in supplemented RPMI 1640 medium con-
taining 10 mmol glucose/L for a period of 1 d (N1d), 3 d (N3d),
or 7 d (N7d). *, p < 0.05 as compared with N1d group; δ, p <
0.05 as compared with N3d group (ANOVA followed by the
Bonferroni test). (b) Groups of islets were cultured for 3 d in
culture media containing 2.8 mmol glucose/L (N3d 2.8),
5.6 mmol glucose/L (N3d 5.6), or 10 mmol glucose/L (N3d 10).
Also in (b), a group of neonatal islets was cultured for only 1 d
with 10 mmol glucose/L for comparison (N1d 10). *, p < 0.001
as compared with N1d group; δ, p < 0.001 as compared with
N3d 2.8 and to N3d 10 groups (ANOVA followed by the Bon-
ferroni test). After culturing, islets from all groups were isolated
and exposed to Krebs buffer containing 10 mmol glucose/L for
2 h. Insulin released within the buffer was measured by radio-
immunoassay. Results are expressed as the mean + SE. The
results are representative of 7 independent experiments in (a)
(370–430 islets/group) and 3 independent experiments in (b)
(180–220 islets/group).



Cx36 protein expression in cultured neonatal islets. As com-
pared with the group of islets cultured with 2.8 mmol
glucose/L, culture of islets with 5.6 mmol glucose/L (p <
0.05) and 10 mmol glucose/L (p < 0.001) induced a signifi-
cant increase in the expression of Cx36. A significant in-
crease was also detected in N3d 10 group as compared with
the N3d 5.6 group (p < 0.05) (Figs. 5a and 5b). A relatively
low expression level of Cx36 was obtained in neonatal islets
cultured for 1 d with 10 mmol glucose/L as compared with
all the above islet groups cultured for 3 d.

Meanwhile, different glucose concentrations in the media
did not significantly alter the Cx43 expression in cultured
neonatal pancreatic islets (Fig. 6). In comparison with the
N3d 2.8 group, the groups of islets cultured with 5.6 and
10 mmol glucose/L showed no significant changes in the ex-
pression of the gap junctional protein. Also, no significant in-
crease was detected between the N3d 5.6 and N3d 10 groups
regarding the Cx43 expression. Nevertheless, in accordance
with previous observation, the expression of this gap
junctional protein was higher following a 3-d culturing, re-
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Fig. 3. Increase in Cx43 expression induced by prolonged cul-
ture of neonatal pancreatic islets. The level of Cx43 was detected
in islet homogenate by Western blotting. (a) As compared with
culturing for 1 and 3 d, culture of islets for 7 d induced signifi-
cant increase in the expression of Cx43. A significant increase
was also detected in the group of islets cultured for 3 d as com-
pared with those cultured for only 1 d (upper panel). Loading ef-
ficiency was checked by reprobing the membrane with the
cytoskeletal protein vinculin (lower panel). (b) Values of optical
density for each experimental group expressed as the mean +
SE. The results in a are representative of 6 independent experi-
ments. (c) Immunoblot showing the specificity of the Cx43 anti-
body employed, which recognizes a band above 41.8 kDa (as
indicated by a molecular mass marker run with the samples) in
rat heart homogenate (H), but not in brain (B). N1d, neonatal is-
lets cultured for 1 d; N3d neonatal islets cultured for 3 d and
N7d, neonatal islets cultured for 7 d. *, p < 0.001 as compared
with N1d group; δ, p < 0.05 as compared with N3d group
(ANOVA, followed by the Bonferroni test).

Fig. 2. Increase Cx36 expression induced by prolonged culture
of neonatal islets. The level of Cx36 was detected in islet ho-
mogenate by Western blotting. (a) As compared with islet
culturing for 1 and 3 d, culture of islets for 7 d induced a signif-
icant increase in the expression of Cx36 (upper panel). The ex-
pression of Cx36 was hardly detected in neonatal islets cultured
for 1 d. Loading efficiency was checked by reprobing the mem-
brane with the cytoskeletal protein vinculin (lower panel).
(b) Values of densitometry for each experimental group are
shown and expressed as the mean + SE. The results in a are
representative of 4 independent experiments. (c) Immunoblot
showing the specificity of the Cx36 antibody employed, which
recognizes a band above 30.6 kDa (as indicated by a molecular
mass marker run with the samples) in rat brain (B) homogenate,
but not in heart (H). N1d, neonatal islets cultured for 1 d; N3d,
neonatal islets cultured for 3 d; and N7d, neonatal islets cultured
for 7 d. *, p < 0.05 as compared with N1d group; δ, p < 0.001
as compared with N3d group (ANOVA, followed by the Bonfer-
roni test).



gardless of the glucose medium concentration, as compared
with the islet group cultured for only 1 d (Figs. 3 and 6).

Discussion

The pancreatic β cells that secrete insulin are intercon-
nected by gap junctions (Meda 1996). Previous studies have
suggested that, at least under experimental conditions, these

channels contribute to the regulation of insulin biosynthesis
and release (Halban et al. 1982; Meda et al. 1979; Vozzi et
al. 1995). Thus, single β cells, which are not coupled by
connexin-made channels, show poor expression of the insu-
lin gene and release low amounts of hormone, even after
stimulation (Halban et al. 1982; Meda et al. 1979; Vozzi et
al. 1995). Also, restoration of β cell contacts is paralleled by
a rapid improvement of both insulin biosynthesis and release
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Fig. 4. Increase in Cx36 and Cx43 gene expression in neonatal pancreatic islets induced by prolonged culture. Cellular content of
Cx36 (a and c) and Cx43 (b and d) RNA transcripts in cultured neonatal islets was analyzed by a semi-quantitative RT-PCR amplifica-
tion method. As compared with culturing for 1 and 3 d, culture of islets for 7 d induced an increase in the expression of both Cx36
(a and c) and Cx43 (b and d). In all cases, negative controls were provided by submitting a sample of water to amplification. Cx36
and Cx43 samples were submitted to 35 and 25 amplification cycles, respectively. β-actin gene expression was used as an internal
control. (e) The Cx36 transcript was detected with 31 amplification cycles in RNA extracted from rat brain (B), a tissue used as
positive control, but not in rat heart (H) or liver (Li) (negative controls). (f) Cx43 transcripts was detected in RNA extracted from rat
heart (positive control), but not in liver (negative control). L, ladder marker.



(Bosco et al. 1989; Halban et al. 1982; Meda et al. 1990;
Pipelleers et al. 1982).

Evidence indicates that insulin secretion in response to
glucose and to other secretagogues is diminished during the
fetal and neonatal stages of development (Boschero et al.
1988, 1990, 1993). The inability of glucose to elicit an adult
pattern of secretion, despite adequate insulin reserves and
biosynthesis capacity of the fetal β cells, indicates that the
glucose signal for secretion may be poorly recognized at
early stages of development (Bone et al. 1981; Boschero et
al. 1988; Grill et al. 1981, Heinze et al. 1975). The matura-
tion of the secretory response is influenced by many factors,
including fuel metabolites, neurotransmitters, and hormones

(Bone et al. 1981; Collares-Buzato et al. 2001; Sorenson et
al. 1987). In culture conditions and following treatment with
mammosomatotropic hormones, neonatal and adult islets un-
dergo maturation of the secretory machinery that might in-
volve regulation of cell–cell contacts within the islet (Brelje
and Sorenson 1991; Collares-Buzato et al. 2001; Michaels et
al. 1987; Sorenson et al. 1987).

In the present study, we investigated the possible regulation
of GJs during the in vitro maturation of the stimulus–secretion
coupling in neonatal pancreatic islet β cells. We observed the
effect of culturing neonatal islet cells, at varying periods of
time and with different glucose medium concentrations, on
the cellular expression of Cx36 and Cx43. Our results con-
firm previous observations that culture of neonatal islets, for
a relatively long period, results in an increase in insulin se-
cretion, indicating that islet culturing induces maturation of
the secretory process (Bone et al. 1981; Boschero et al.
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Fig. 5. Glucose-dependent increase in Cx36 expression in cul-
tured neonatal pancreatic islets. The level of Cx36 was detected
in islet homogenate by Western blotting. (a) As compared with
the groups of islets cultured for 3 d with 2.8 mmol glucose/L,
culture of islets in 5.6 mmol glucose/L and 10 mmol glucose/L
induced a significant increase in the expression of Cx36 (upper
panel). A significant difference was also detected between N3d
5.6 and N3d 10 groups. Meanwhile, a very low expression level
of Cx36 was seen on the neonatal islets cultured for only 1 d.
Loading efficiency was checked by reprobing the membrane with
the cytoskeletal protein vinculin (lower panel). (b) Values of op-
tical density of the bands for each experimental group are ex-
pressed as the mean + SE. The results in a are representative of
5 independent experiments. N1d, neonatal islets cultured for 1 d
with 10 mmol glucose/L; N3d 2.8, neonatal islets cultured with
2.8 mmol glucose/L for 3 d; N3d 5.6, neonatal islets cultured
with 5.6 mmol glucose/L for 3 d; N3d 10, neonatal islets cul-
tured with 10 mmol glucose/L for 3 d. *, p < 0.001 as com-
pared with N1d group; δ, p < 0.05 as compared with N3d 2.8
group; and ε, p < 0.05 as compared with N3d 5.6 group
(ANOVA, followed by the Bonferroni test).

Fig. 6. Increasing glucose concentrations within the media does
not alter the Cx43 expression in cultured neonatal pancreatic is-
lets. The level of Cx43 was detected in islet homogenate by
Western blotting. (a) As compared with the group of islets cul-
tured with 2.8 mmol glucose/L, culture of islets in 5.6 mmol
glucose/L or 10 mmol glucose/L glucose-containing media did
not significantly change the expression of Cx43 (upper panel).
Loading efficiency was checked by reprobing the membrane with
the cytoskeletal protein vinculin (lower panel). (b) Values of op-
tical density of the bands for each experimental group are ex-
pressed as the mean ± SE. The result in a is representative of 5
independent experiments. N1d, neonatal islets cultured for 1 d;
N3d 2.8, neonatal islets cultured with 2.8 mmol glucose/L for
3 d; N3d 5.6, neonatal islets cultured with 5.6 mmol glucose/L
for 3 d; N3d 10, neonatal islets cultured with 10 mmol
glucose/L for 3 d. *, p < 0.001 as compared with N1d group
(ANOVA, followed by the Bonferroni test).



1988, 1990; Collares-Buzato et al. 2001; Crepaldi et al.
1997). These in vitro alterations in insulin secretion were
followed by a time-dependent increase in the protein expres-
sion of the GJ-associated Cx36 and Cx43, and also in the
RNA transcripts of these connexins, as assessed by Western
Blot and semi-quantitative RT-PCR, respectively. This data
is in accordance with our previous work, suggesting that the
connexin 43 expression is upregulated after islet culturing
(Collares-Buzato et al. 2001). In vivo and in vitro stimula-
tion of insulin release has been found, by others, to be asso-
ciated with an enhancement of β cell coupling due to an
adequate increase in the expression of Cx43 in adult rat is-
lets and β cell lines (Meda et al. 1983, 1991; Vozzi et al.
1995). Recently, Serre-Beinier and colleagues (2000) have
described that Cx36 is the connexin subtype unambiguously
detected between insulin-producing cells in adult endocrine
pancreas. In addition, our present work is the first to demon-
strate that Cx36 is coexpressed with Cx43 and can be regu-
lated in neonatal pancreatic islets.

Concerning the stimulatory effect of prolonged culture of
neonatal islets on gap junction associated proteins, Cx36 and
Cx43, and insulin secretion, it is plausible to suggest that
hormones present within the serum (or even other medium
components) may account for these effects. The presence of
serum and certain nutrients (such as glucose) at relatively
high concentrations within the medium are essential for in
vitro survival, growth, and differentiation of islet β cells
(Bone et al. 1988; Ling et al. 1994; Sekine et al. 1997). Fol-
lowing this idea, we also evaluated whether glucose concen-
tration within the culture medium altered the expression of
GJ-associated proteins. Islet culture with high glucose con-
centration resulted in maturation of the insulin secretory pro-
cess. Our data showed a glucose-dependent increase in Cx36
expression in cultured neonatal islets. As compared with the
groups of islets cultured with 2.8 mmol glucose/L, islet cul-
turing in media containing 5.6 mmol glucose/L and 10 mmol
glucose/L induced a significant increase in the expression of
Cx36. Meanwhile, these different glucose concentrations
within the culture medium did not significantly alter Cx43
expression in neonatal pancreatic islets. These findings
strongly suggest that the level of expression of Cx36, but not
of Cx43, directly correlates with the amount of insulin re-
leased by β cells following chronic glucose stimulation in
culture.

Taken altogether, our data agree with results reported in
the literature that both Cx36 and Cx43 are expressed by islet
cells and play a role in the secretory function of the endo-
crine pancreas. Cx43 was the first gap junction connexin
identified within the pancreatic islet by means of Northern
blotting and immunocytochemistry (Meda et al. 1991, 1993).
Recent data has shown that this Cx subtype is mostly ex-
pressed by non-β cells (mainly vascular islet cells) rather
than by β cells (Serre-Beinier et al. 2000; Theis et al. 2004).
Despite this, there is a bulk of evidence showing that the
presence of gap junction channels made of Cx43 is impor-
tant for the insulin secretory process in certain in vivo and in
vitro conditions (Collares-Buzato et al. 2001; Cao et al.
1997; Meda et al. 1991; Vozzi et al. 1995). However, rather
than Cx43, it has been shown that an appropriate expression
of Cx36, the predominant isoform found in β cells, is di-

rectly related to the glucose responsiveness of the insulin se-
cretory pathway (Calabrese et al. 2003; Le Gurun et al.
2003; Serre-Beinier et al. 2000). It has been reported that a
direct correlation exists between the level of Cx36 expres-
sion and the degree of glucose responsiveness of different
insulin-producing cell lines (Serre-Beinier et al. 2000). In
addition, a reduced expression of Cx36, induced by infection
with an antisense viral vector, was associated with a marked
decrease in the glucose-induced insulin release of INS-1 β
cell line, further suggesting an implication of this connexin
in the multistep pathway that couples glucose stimulation to
insulin release (Le Gurun et al. 2003).

It is widely assumed that the subacute (h) and chronic (d)
effects of glucose require, in addition to the acute regulatory
effects, changes in the expression level of the very genes that
encode proteins involved in the regulation of β cell function
(Schuit et al. 2002). Examples of those proteins whose gene
is glucose-responsive are the insulin hormone (Docherty and
Clark 1994), the glucose transporter GLUT2 (Crepaldi-
Alves et al. 1997; Yasuda et al. 1992), the insulin growth
factor binding protein (IGFBP) (Hogg et al. 1991), and the
major β cell autoantigen GAD65 (Schuit et al. 2002). It is
possible that other components of the culture medium and
serum-derived factors may also induce gene expression in
isolated islets during prolonged culture. Nevertheless, it is a
matter of future investigation to determine the mechanisms
through which Cx36 and Cx43 islet gene expression is regu-
lated under in vitro conditions, as well as to investigate if the
Cx36 gene itself contains glucose-sensitive elements or if
glucose has an indirect effect, particularly on Cx36 gene ex-
pression (i.e., affecting β cell survival (Hoorens et al. 1996)).

In conclusion, we report here that culturing of neonatal
pancreatic islets induces upregulation of the expression of
the connexins 36 and 43. A correlation was observed be-
tween the increased mRNA content and protein expression
of Cx36 and Cx43 and an increase in insulin secretion in-
duced by prolonged culture and high glucose concentration
within the culture medium. We suggest that the upregulation
of gap junctional proteins by culture medium containing fac-
tors and glucose may be an important event for the matura-
tion process of β cells observed at in vitro conditions.
Although the mechanisms underlying this phenomenon are
still unclear, it is plausible that connexin upregulation may
influence in vitro maturation of the insulin secretory
machinery through an increase in β cell coupling that subse-
quently triggers a functional recruitment of many neighbor-
ing cells that, otherwise, would not be directly activated.
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