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ABSTRACT : Connexins are gap junction proteins forming hexameric structures in 

plasma membranes of adjacent cells, creating intercellular channels. Connexin 43 

(CX43) is expressed in pulp tissue. However, its function in dental pulp tissue has yet to 

be fully investigated. In the present study, we employed antisense oligonucleotides (AS) 

against rat CX43 to investigate the role of CX43 in dental pulp cells. We treated 

cultured dental pulp cells with AS or sense (S) oligonucleotides. The number of cells in 

the AS-treated groups was about 1.3-fold that in the S-treated controls. Growth rates 

were significantly different between the AS- and S-treated groups at 48 h (p<0.01). An 

alkaline phosphate assay revealed that AS-treated pulp cells dramatically decreased at 

48 h after AS incorporation, while S-treated pulp cells showed no marked changes. 

Western blot analysis showed that HSP25 was highly expressed in S-treated cells, but 

was only weakly expressed in AS-treated cells at 48 h. Furthermore, AS-treated cells 

showed high expression of CX45. On the other hand, S-treated cells showed high 

expression of CX32. These results suggest that CX43 is involved in cell growth, 

mineralization and differentiation to odontoblasts in rat pulp cells, and that CX43 plays 

the opposite role to that of CX45. 
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INTRODUCTION 

 Gap junctions (GJs) are transmenbrane channels that directly link neighboring 

cells and mediate reciprocal exchange of metabolites and ions of less than 1 kDa in 

molecular weight, including second messengers such as cAMP and Ca2+. Gap 

junction-mediated intercellular communication is believed to play an essential role in 

maintenance of homeostasis, coordination of secretion, morphogenesis, cell 

differentiation and growth control in multicellular organs (Beyer et al. 1987). 

Ultrastructurally, it has been shown that GJs occur between odontoblasts and between 

pulp cells, and between odontoblasts and pulp cells, suggesting that GJs between 

odontoblasts coordinate cellular activity (Koling and Rask-Andersen 1983, 1984a, 

1984b; Iguchi et al. 1984). 

Connexins (CXs) comprise a family of gap junction proteins that form 

hexameric assemblies in the plasma membranes of adjacent cells, creating intercellular 

channels. They are distinguished according to their molecular weights as predicted from 

their corresponding cDNAs (Beyer et al. 1987). Connexin 43 (CX43) is a 43 kDa-gap 

junction protein identified from rat cardiac myocytes (Beyer et al. 1987).  
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Recently, investigations on expression and localization of CX43 in rat incisor 

odontoblasts and pulp cells have demonstrated that CX43 was highly expressed in 

young odontoblasts (Pinero et al. 1994; Kagayama et al. 1995; Fried et al. 1996; 

Murakami et al. 2001). Furthermore, CX43 has been shown to be a marker of viability 

in dental pulp tissue (Muramatsu et al. 2004). However, the role of CX43 in dental pulp 

cells has yet to be clarified. Moreover, although presence of other CXs such as CX32 

and 45 has been reported (Fried et al. 1996), the relationship between CX43 and others 

is still unknown. In the present study, we employed specific antisense oligonucleotides 

against rat CX43 to investigate the function of CX43 in rat dental pulp cells in vitro. 

 

MATERIALS & METHODS 

Cell culture: 

Animal experiments were carried out according to the Guidelines for the 

Treatment of Animals at Tokyo Dental College. Dental pulp cells were obtained from 

the incisors of young Sprague-Dawley rats (n=20) weighing between 100 to 150 g each. 

Incisors were extracted under general anesthesia, and pulp tissues were cultured 
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according to the method of Inoue et al (Inoue and Shimono 1992), using the cental 

portion of the pulp to avoid odontogenic epithelium and tooth germ contamination. The 

cells were cultured for 4 weeks prior to the experiment in Minimum Essential Medium 

(MEM, Invitrogen, NY, USA) with 15% fetal bovine serum (FBS) at 37°C in a 

humidified incubator containing 5% CO2. The cells were trypsinized and maintained at 

2 -3 passages. 

 

Primary antibodies 

 Anti-CX32, 43 and 45 monoclonal antibodies were purchased from Chemicon 

International (Temecula, CA, USA). Anti-HSP25 monoclonal antibody was obtained 

from StressGen Biotechnologies (Victoria, BC, Canada). Anti-actin antibody was 

supplied by Sigma-Aldrich (St Louis, MO, USA).  

 

Design of antisense and sense oligonucleotides, and antisense incorporation 

Antisense oligonucleotides were designed based on the nucleotide sequence of 

rat CX43 according to the method of Kim et al. (Kim et al. 2005; Muramatsu et al. 
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2005). It consisted of a 20-mer sequence commencing from the initial CX43 ATG codon, 

and was designed to target expression of rat CX43. As a control, we used a sense 

oligonucleotide (S). The nucleotide sequences for each were as follows: AS: 

5’-CAAATCACTGCAATTCTCAT-3’; S: 5’-ATGAGAATTGCAGTGATTTA-3’. 

AS or S oligonucleotides (25 µM) were incorporated into the culture medium 

every 24 h using Lipofectin (Invitrogen) as reported in an earlier study (Muramatsu et al. 

2005).  

 

Morphological change 

To examine morphological changes, the cells were cultured on coverslips. At 

48 h after incorporation, the AS- and S-treated cells were fixed in 4% paraformaldehyde 

in 0.1M phosphate buffer (PB) solution for 2 h and permeabilized in methanol/aceton at 

–80 °C for 20 min. After washing in phosphate buffered saline (PBS) for 5 min 3 times, 

the cells were incubated with Alexa488-conjugated phalloidin (dilution 1:20; Molecular 

Probes, Eugene, OR, USA) for 1 h at room temperature. The cells were observed under 

a fluorescent microscope (Axiophot 2, Carl Zeiss, Oberkochen, Germany). 
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Cell growth rate 

 The cells were seeded at 1 x 105 cells/well into 35-mm plates. After 

incorporation of AS or S, the cells were detached using 0.25% trypsin at every 24 h and 

counted using a Coulter Counter (Beckman Coulter, Fullerton, CA, USA). Results and 

growth curves were plotted. 

 

Western blot 

In order to determine expression of HSP25 and CXs, Western blot was carried 

out according to the method of Amano et al. (Amano et al. 2006). Cells were lyzed in 

RIPA buffer (1% Nonidet P-40, 150 mM NaCl, 50 mM Tris [pH=7.4]) containing 

inhibitors (2 µg/ml aprotinin, 1 µM MG132, 200 µM sodium orthovanadate, 1 mM 

phenylmethylsulfonyl fluoride, 60 µM leupeptin). Twenty-five micrograms of total 

lysate was subjected to 7.5% SDS-PAGE, and then transferred onto a PVDF membrane 

(BioRad, Melvilla, NY, USA). Membranes were then incubated with anti-HSP25 

(dilution 1:10000), anti-CX32 (1:1000), anti-CX43 (1:1000), anti-CX45 (1:1000) and 
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anti-actin antibodies (1:2500) at 4°C overnight. After washing, membranes were 

incubated with horseradish peroxidase (HRP)-conjugated mouse or rabbit IgG (1:1000, 

Amersham, Rochester, MI, USA) at room temperature for 1 h. Immunoreactive bands 

were detected using the ECL Western blot analysis system (Amersham) 

 

ALP activity 

ALP activity was measured using a colorimetric assay kit (ALPopt; Roche 

Diagnostics, Tokyo, Japan) according to the manufacturer’s protocol. Briefly, cells were 

washed with PBS and homogenized in distilled water. The homogenate was centrifuged 

at 10000 rpm for 5 min, and the supernatants assayed. One ml pre-mixed solution 

containing 10 mM p-nitrophenol substrate was added to 10 µl supernatant. Absorbance 

at 405 nm was measured at 1, 2 and 3 min using a spectrophotometer and average 

absorbance for each time point was calculated. 

 

Statistical analysis 

Statistical significance of multiple comparisons was evaluated using the 
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Friedman test. Statistical difference was determined as p<0.01. 

 

RESULTS  

Effects of CX43 AS and S 

 In order to confirm the effect of CX43-AS or S oligonucleotides, we carried 

out Western blot analysis using the total lysates obtained from the cultured pulp cells. 

After 48 h, the 43 kDa band indicating CX43 expression had virtually disappeared in 

the AS-treated group, whereas it was still visible in the S-treated group (Fig. 1). Actin, 

which was used as an internal control, showed no changes in its expression pattern. 

 

Morphological change of growth patterns  

To analyze whether CX43-AS or S oligonucleotides affect cell morphology of 

cultured dental pulp cells, changes in the structure of their cytoskeleton was analyzed 

using fluorescent analog of the cytoskeletal marker phalloidin. The AS- and S-treated 

cells had thin elongated processes and actin filaments appeared (Figs. 2A, B). However, 

cell morphology of AS-treated cells was not essentially different from that of S-treated 
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cells. 

 

Cell growth 

 To determine whether CX43 was involved in cell growth, we treated cultured 

dental pulp cells with AS or S. AS elicited an increase in growth. The numbers of 

AS-treated and S-treated dental pulp cells at 48 h were 13.6 ± 0.4 x 105 and 9.9 ± 0.3 x 

105 (average ± SD), respectively. The cell growth rate of the AS-treated dental pulp cells 

was higher than that of the S-treated cells at each time point (Fig. 3). The number of 

cells in the AS-treated groups was about 1.3-fold that in the S-treated controls at 48 h. 

Growth rates showed a significant difference between the two groups at 48 h (p<0.01). 

 

ALP activity 

 To determine whether cell viability of pulp cells was affected by CX43, ALP 

activity was investigated. ALP activity was quantified using a modified colorimetric 

assay with p-NPP as a substrate. The results showed clear differences in ALP activity 

between the AS-treated and S-treated groups. At time 0, ALP value was 282.15 ± 56.4 
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IU/L/cell. At 48 h after incorporation, the value for AS-treated pulp cells showed a 

dramatic decrease (130.1 ± 52.1 IU/L/cell), while that for S-treated pulp cell showed no 

marked change (283.8 ± 56.8 IU/L/cell). This difference was statistically significant 

(p<0.01) (Fig. 4). 

 

Expression of HSP25 

 To determine whether CX43 was involved in differentiation of pulp cells, we 

investigated expression of HSP25 that was thought to be one of marker of odontoblast 

(Ohshima et al. 2001). Western blot analysis revealed that HSP25 was expressed in both 

AS-treated and S-treated pulp cells at all time points. It was highly expressed in 

S-treated cells at 24 and 48 h, but only weakly expressed in AS-treated cells (Fig. 5). 

 

Expression of CX 32 and CX45 

 To investigate, whether other connexin types were affected by the knockdown of 

CX43 in AS-treated cells, expression of CX32 and CX45 was analyzed in these cells by 

Western blot analysis. By this high expression of CX45 could be demonstrated in 
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AS-treated but not in S-treated cultures, 48h after incorporation (Fig. 6). In contrast to 

this AS-treated cells showed low expression of CX32, although S-treated cells 

expressed CX32 strongly at 48 h after incorporation (Fig. 6). 

 

DISCUSSION 

Intercellular communication via GJs plays a major role in maintenance of  

normal growth, and loss of GJs and expression of CX has been reported frequently in 

various malignant tumors, where it leads to rapid cell proliferation (Yamasaki et al. 

1996; Upham et al. 1998). An earlier report also showed that transfection of the CX43 

gene resulted in slowed cell proliferation in BSC-OF cells (Shima et al. 2006). Zhang et 

al. have demonstrated that CX43 binds S-phase kinase-associated protein (Skp2) to 

inhibit degradation of cell cycle regulator p27 (Zhang et al. 2003). Another study 

showed that CX43 was localized in dental pulp and was involved in cell differentiation 

and viability in pulp cells (Murakami et al. 2001; Muramatsu et al. 2004). However, the 

association of CX43 with cell proliferation in rat dental pulp cells remains to be 

clarified. The results of the present study showed higher proliferation in 
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CX43-AS-treated pulp cells than in CX43-S-treated pulp cells. This suggests that CX43 

is a negative regulator of the cell cycle, inhibiting excessive proliferation.  

ALP is an enzyme expressed in early-stage mineralization, and is a marker of 

viability in pulp cells (Inoue and Shimono 1992; Haraguchi et al. 2003). Some reports 

have investigated the relationship between expression of CX43 and ALP activity in 

osteoblastic cells (Civitelli et al. 1993; Li et al. 1999; Li et al. 2005). A decline in CX43 

in old odontoblasts in rat incisor and in aged human pulp, suggests that this reflects 

viability of dental pulp cells (Murakami et al. 2001; Muramatsu et al. 2004). Loss of 

CX43 due to heat stimulation was shown to affect ALP activity in rat pulp cells (Amano 

et al. 2006). However, the exact relationship between CX43 and ALP activity in dental 

pulp remains to be elucidated. The results of this study showed that values for ALP in 

AS-treated pulp cells dramatically decreased, while those in S-treated pulp cells 

revealed no marked change. This suggests that intercellular communication via gap 

junctions composed of CX43 contributes to ALP activity in rat pulp cells. 

Some investigations have found an association between CX43 and 

differentiation of odontoblasts (Pinero et al. 1994; Kagayama et al. 1995; Fried et al. 
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1996; Murakami et al. 2001). Murakami et al. found that expression of CX43 showed an 

increase following odontoblast differentiation (Murakami et al. 2001). On the other 

hand, HSPs are believed to be involved in the protection and recovery of cells from 

environmental and pathological stress (Schlesinger 1990; Sorger 1991). Furthermore, 

expression of HSP25 has been reported under not only stressful and normal conditions, 

but also during development and differentiation (Ohshima et al. 2001; Otsuka et al. 

2001; Davidson et al. 2002; Ohshima et al. 2002). A study by Ohshima et al. on 

responses of odontoblasts and dental pulp cells to cavity preparation showed that 

HSP25 was localized in differentiated odontoblasts, suggesting a useful marker for 

differentiated odontoblasts (Ohshima et al. 2001). In the present study, Western blot 

analysis demonstrated that the S-treated cells highly expressed HSP25, while AS-treated 

cells only weakly expressed it at 48 h. These results show that application of AS against 

CX43 leads to a decline in HSP25, suggesting differentiation of pulp cells into 

odontoblasts to be inhibited. 

Differential and co-expression of CXs have been reported in various tissues 

(Muramatsu et al. 1996). Co-expression of CX43 and 45 was confirmed in osteoblastic 
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cells (Steinberg et al. 1994; Lecanda et al. 1998; Johnson et al. 2002), while differential 

expression of CX26, 32 and 43 was reported in dental pulp (Fried et al., 1996). However, 

the functional significance of CX43 with regard to other CXs in dental pulp cells 

remains to be elucidated. In the present study, CX43-AS was employed to investigate 

the significance of CX43 with regard to other CXs. The results demonstrated a clear 

increase in CX45 after application of CX43-AS in dental pulp, and a decrease in 

expression of CX32. The increase in CX45 has been associated with heat failure 

resulting in a decline in CX43 (Johnson et al. 2002). Furthermore, disruption of CX43 

and over-expression of CX45 result in dysfunction of osteoblasts and abnormal 

expression of osteoblast genes, including down-regulation of osteocalcin (Stains et al. 

2003). Moreover, the growth pattern of AS-treated cell was not different from that of 

S-treated cells in this study, although CX43 was specifically blocked. Taken together 

with the results of this study, this suggests that CX43 regulates cell function and cell 

growth patterns with CX32 and by redressing the balance with CX45 in dental pulp 

cells. 
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Figure legends:  

Fig. 1: Effect of CX43-AS and -S 

 Western blot analysis revealed that the 43 kDa band indicating CX43 

expression virtually disappeared in the AS-treated group, although it was still visible in 

the S-treated group, suggesting that AS blocks CX43 expression efficiently. 

 

Fig. 2: Morphological change of AS- and S-treated pulp cells 

The AS- and S-treated cells had thin elongated processes and actin filaments 

appeared at 48h after incorporation (Figs. 2a, b). However, growth pattern of AS-treated 

cells was not essentially different from that of S-treated cells. 

 

Fig. 3: Cell growth 

 AS elicited increase in growth of dental pulp cells. Growth rate of AS-treated 

dental pulp cells was higher than that of S-treated cells at each time point. Number of 

cells in the AS-treated groups was about 1.3-fold that of S-treated controls. Growth rates 

were significantly different between AS- and S-treated groups at 48 and 72 h (p<0.01).
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Fig. 4: ALP activity 

 Clear differences in ALP activity were found between AS-treated and S-treated 

groups. At 48 hours, values for AS-treated pulp cells showed dramatic decrease, while 

those for S-treated pulp cells showed no marked changes. Differences between AS- and 

S-treated groups at 48 h were statistically significant (p<0.01). 

 

Fig. 5: Expression of HSP25 

Western blot analysis showed that HSP25 was expressed in both AS-treated 

and S-treated pulp cells at all time points. S-treated cells highly expressed HSP25 at 24 

and 48 h, while AS-treated cells only weakly expressed it. 

 

Fig. 6: Expression of CX 32 and CX45 

Western blot analysis revealed high expression of CX45 in AS-treated pulp 

cells, but not in S-treated pulp cells at 48 h. AS-treated cells showed low expression of 

CX32, although S-treated cells strongly expressed CX32 at 48 h. 
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