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Abstract

Dentin forms the hard tissue portion of the dentin-pulp complex, while the dental pulp is soft
connective tissue that retains the vitality of the dentin. Odontoblasts form the outermost cell layer
of pulp and play a central role during dentin formation by producing and mineralizing the dentin
matrix. The understanding of the defensive reactions in the dentin-pulp complex is limited.
Information about the transcriptome and proteome of pulp tissue and odontoblasts would facilitate
understanding of their functions during health and disease. The aim of this study was to investigate
the expression profiles of human pulp tissue and odontoblasts in vivo and in vitro using large-scale
expression analysis methods. Also, the suitability of these methods in pulp biological research in
vivo and in vitro was evaluated. 

cDNA microarray revealed only minor variation and 2-D electrophoresis combined with mass
spectrometry revealed no differences between healthy and carious teeth pulp tissue in vivo.  The
effect of transforming growth factor β1 (TGF-β1) on pulp and odontoblasts was studied in vitro
using oligonucleotide-based microarrays, and marked changes in the transcriptome were revealed,
especially in the expression of chemokine- and cytokine-related genes. Transiently increased
interleukin expression was confirmed at the protein level by antibody array. 

DNA microarray analysis of native pulp tissue and odontoblasts was used to search for
potential odontoblast markers. Only one gene related to extracellular matrix organization and
biogenesis, matrilin 4, and two expressed sequence tags (ESTs), which represent transcribed
sequences encoding possibly unknown genes, were identified in odontoblasts but not in pulp.
Analysis of mature native odontoblasts and cultured odontoblast-like cells by DNA microarray
revealed a high similarity (84%) between native and cultured cells. Also, differential expression
levels of selected neuronal proteins were observed and confirmed at the mRNA and protein levels. 

In conclusion, microarray is a powerful tool for pulp biology, especially for in vitro studies.
TGF-β1 was revealed as a potent regulator of proinflammatory responses in the dentin–pulp
complex. In addition, several potential odontoblast markers were identified by microarray, and the
similarity of cultured odontoblast-like cells used in the study with native odontoblasts  was
confirmed. 

Keywords: dental pulp, gene expression profiling, humans, odontoblasts, TGF-β
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1 Introduction 

The dentin-pulp complex consists of pulp tissue, which is soft connective tissue 
containing nerves and blood vessels, and mineralized hard tissue, dentin. The pulp 
maintains the dentin vitality, while odontoblasts, which form the outermost cell 
layer of pulp tissue, produce and mineralize dentin. (Ten Cate 1994). Mature 
odontoblasts are terminally differentiated cells and unable to proliferate, but pulp 
tissue is thought to contain cells capable of differentiating into replacement 
odontoblasts when the original odontoblasts have died (Smith 2003, Mitsiadis & 
Rahiotis 2004). The encasement of the pulpal cells within dentin causes two 
problems: the cells are not accessible for immunohistological study without 
demineralization, which may affect the proteins to be studied; and secondly, pulp 
is in a low-compliance environment, in which all of the normal inflammatory 
reactions cannot take place (Fouad 2002). Thus, the understanding of the 
defensive reactions in the dentin-pulp complex is still limited. 

Traditional methods used for analysis of mRNA or protein expression of pulp 
tissue have the disadvantage of focusing only on few different molecules. Recent 
advances in molecular genetics and computational biology have led to rapid 
development of various high-throughput methods for analysis of the 
transcriptome and proteome, the mRNA and protein profiles of cells and tissues. 
However, the use of these methods in pulp biology has been limited. The 
transcriptome and proteome of dentin-pulp complex cells reflect their functions, 
and thus detailed knowledge of the expression profiles during health and disease 
would enable the search for target molecules for treatment and diagnosis. 

The aim of the present study was to evaluate the usefulness of the high-
throughput methods for pulp biological research and to analyze the transcriptome 
and proteome of human pulp tissue and odontoblasts in vivo and in vitro. 
Specifically, the expression profiles of healthy and carious teeth pulp tissues were 
compared in vivo. Also, the effect of transforming growth factor β1 (TGF-β1) on 
pulp tissue and odontoblasts in vitro was investigated. The difference between 
mature native odontoblasts and pulp tissue as well as cultured newly 
differentiated odontoblasts was analyzed. 
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2 Review of the literature 

2.1 Structure of the tooth 

Anatomically, the tooth can be divided into a crown and a root (Fig. 1). The 
crown is covered by enamel, which is acellular and consists of 95 volume 
percents of hydroxyapathite crystals, making it the hardest tissue in human body. 
The root is covered by cementum, which is 50% hydroxyapathite and has 
collagen matrix. Dentin, which forms the bulk of the tooth, is covered by enamel 
and cementum. The dentin is 70% mineralized with hydroxyapathite crystals and 
its organic matrix is comprised mostly of fibrous collagen. Dental pulp, the soft 
tissue maintaining the vitality of the tooth, is encased in dentin. (Ten Cate 1994, 
Okiji 2002). 

Fig. 1. Tooth structure modified from Netter 2006. 

2.2 Dentin-pulp complex 

Together, dentin and pulp form the dentin-pulp complex. Odontoblasts, the cells 
that form and mineralize the dentin matrix, are located as the outermost cell layer 
at the boundary of pulp tissue and predentin. (Ten Cate 1994, Okiji 2002). 
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2.2.1 Pulp tissue 

Pulp is composed of soft connective tissue containing blood vessels and nerves, 
and retains the vitality of the dentin-pulp complex (Okiji 2002, Linde & Goldberg 
1993). The most abundant cell type in the pulp tissue is fibroblasts, but pulp also 
contains endothelial cells, nerve fibers, undifferentiated mesenchymal cells and 
various immunocompetent cells (Okiji 2002, Goldberg & Smith 2004). 

In coronary pulp, fibroblasts form a cell-rich zone (Höhl cells, sub-
odontoblastic cells) that is separated from the odontoblast layer by a cell-free 
zone (zone of Weil). The zone of Weil contains blood capillaries, a rich network 
of unmyelinated nerve fibers and fibroblast processes. (Okiji 2002, Linde & 
Goldberg 1993). The central connective tissue, known as the pulp proper, which 
consists of fibroblasts, larger blood vessels and nerves, is located inwards from 
the cell-rich zone (Okiji 2002). Undifferentiated mesenchymal cells, the 
progenitor cells of pulp that are thought to be capable of differentiating into 
fibroblasts or odontoblasts, are distributed throughout the pulp tissue and 
frequently located perivascularly (Okiji 2002, Mjor et al. 2001). In addition, 
several types of immunocompetent cells, including dendritic cells, macrophages 
and T- and B-lymphocytes, have been detected in pulp (Jontell et al. 1998).  

The pulpal extracellular matrix (ECM), which is produced by the fibroblasts, 
consists of collagens, proteoglycans and glycoproteins, and its composition is 
similar to that in other soft connective tissues (Okiji 2002, Linde 1985). Most of 
the collagen in pulp tissue is fibrillar; types I and III collagen comprise 95% of 
the total collagen, while non-fibrillar collagens V and VI are found in lesser 
amounts (Tsuzaki et al. 1990, Lukinmaa & Waltimo 1992).  

Blood vessels and nerves enter the pulp through the apical foramen or 
foramina of the root, and then branch coronally (Mjor et al. 2001). The 
vasculature is most abundant in the subodontoblastic area, and some capillaries 
even enter the odontoblast layer, but not the dentin (Linde & Goldberg 1993, 
Kramer 1960, Takahashi et al. 1982). The sensory and sympathetic nerves of pulp 
tissue mainly follow the blood vessels as they branch, and form a rich network of 
terminal endings in the subodontoblastic region and in the periodontoblastic 
spaces of dentinal tubules extending 0.1 mm into dentin in the crown (Byers 1984, 
Byers et al. 2003, Mjor et al. 2001). The majority of these nerves are sensory 
(Pohto & Antila 1968, Byers & Närhi 1999, Byers et al. 2003, Haug & Heyeraas 
2006). The sensory nerve fibers are especially numerous near the pulp horn tips 
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(Byers et al. 2003). Odontoblasts and the subodontoblastic area are not normally 
innervated by symphatic nerves (Uddman et al. 1998).  

2.2.2 Odontoblasts 

Odontoblasts, the cells responsible for dentin formation, are located along the 
periphery of the pulp chamber as a single cell layer. They are elongated, 
terminally differentiated, post-mitotic cells. During development, odontoblast 
precursors migrate from the neural crest as a part of the ectomesenchymal cell 
population that participates in the formation of the oral cavity (Garant 2003b, 
Arana-Chavez & Massa 2004). Pre-odontoblasts exit the cell cycle and 
differentiate into odontoblasts, due to reciprocal signaling with the adjacent cells 
and the extracellular matrix of the dental epithelium. (Garant 2003b, D’Souza 
2002). Mature functional odontoblasts are polarized cells with the cell body 
facing towards the pulp tissue and a single cell process extending into the 
predentin and dentin inside a dentinal tubule (Okiji 2002, Linde & Goldberg 
1993). Mature odontoblasts that have exited the cell cycle are unable to 
proliferate, but pulp tissue is thought to contain cells capable of differentiating 
into replacement odontoblasts when the original odontoblasts have died (Smith 
2003, Mitsiadis & Rahiotis 2004). A cell line capable of differentiating into 
various cell types and generating dentin-like mineralized structures has been 
characterized in pulp tissue (Gronthos et al. 2002, Gronthos et al. 2000). When 
transplanted ex vivo into mouse, these cells form a layer of aligned odontoblast-
like cells with their processes similarly oriented and extending into the hard tissue 
they have generated. However, when cultured in vitro these cells do not have the 
morphological characteristics of odontoblasts. The cell line established by Couble 
et al. (2000) has more odontoblast-like morphology with the typical cellular 
processes of odontoblasts, and the cells align into the same orientation when 
grown on plastic in vitro. These cells also form dentin-like mineralized zones 
(Couble et al. 2000). 

In addition to their function in dentin formation, odontoblasts have been 
suggested to participate in other important functions, including the sensory 
response of tooth. The findings that mechanosensitive potassium channels (Allard 
et al. 2000, Magloire et al. 2003) and voltage-gated calcium channels are present 
in the odontoblast plasma membrane (Lundgren & Linde 1997, Davidson & Guo 
2000) support this function. However, though adhesion-like contacts between 
nerve fibers and odontoblasts have been detected, no synaptic structures have 
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been observed (Byers 1984, Byers & Närhi 1999). It has also been suggested that 
odontoblasts may play a role in the immune response of the tooth. This hypothesis 
is supported by findings that odontoblasts consistently produce components of 
innate and adaptive immunity (Veerayutthwilai et al. 2007, Dommisch et al. 
2005), and odontoblasts can be induced to express cytokines and chemokines 
(Veerayutthwilai et al. 2007, Levin et al. 1999). 

2.2.3 Dentin 

Dentin is a mineralized connective tissue, and its characteristics are largely 
determined by its mineralized extracellular matrix. On average, dentin consists of 
50% minerals (mainly hydroxyapathite), 30% organic matrix and 20% water. 
However, the distribution of these constituents varies in different parts and types 
of dentin. (Ten Cate 1994, Linde & Goldberg 1993) 

The process of dentin formation is called dentinogenesis. Primary dentin, 
deposited during the rapid phase of physiological dentin formation by 
odontoblasts, forms the bulk of the tooth (Linde & Goldberg 1993). The dentin 
matrix is gradually organized and then mineralized (Garant 2003a), except for a 
10–20 μm wide zone of predentin that remains non-mineralized and contains 
collagen and other ECM molecules (Linde & Goldberg 1993). When odontoblasts 
produce dentin, they move in a centripetal direction leaving their cell processes in 
the dentin. As a consequence, dentinal tubules are formed that also contain 
proteins produced by odontoblasts, serum proteins and dentinal fluid (Arana-
Chavez & Massa 2004, Garant 2003a). The true length of odontoblast processes 
in mature teeth remains undetermined. The odontoblast processes extend at least 
to the middle of the dentin, while some analyses indicate that they may extend to 
the dentin-enamel junction (Garant 2003a). It has been suggested that odontoblast 
processes may contract towards the odontoblast cell body when they come in 
contact with the fixatives used to prepare the samples for electron microscopic 
studies (Garant 2003a, La Fleche et al. 1985). The timing of primary 
dentinogenesis turning into secondary dentinogenesis has been defined as the time 
when the tooth reaches occlusal contact (Linde & Goldberg 1993), the time of the 
apex closure (Garant 2003a) or the tooth eruption (Mjor et al. 2001). Secondary 
dentin is deposited, at a lower rate than primary dentin, throughout the pulp space 
by the original odontoblasts (Garant 2003a, Smith 2002). The term tertiary 
dentinogenesis is used to describe the dentin formation due to external stimuli. 
Tertiary dentin is formed under the site of injury, and the deposition rate is 
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proportional to the degree of injury (Linde & Goldberg 1993, Mjor et al. 2001). 
Tertiary dentin is called reactionary dentin when it is formed by odontoblasts 
surviving the injury, and reparative dentin when formed by replacement 
odontoblasts, which have differentiated from pulp stem cells and migrated to the 
site of injury (Garant 2003a, Smith 2002).  

The dentin organic matrix is composed of collagenous and noncollagenous 
proteins, proteoglycans, glycoproteins and lipids (Linde & Goldberg 1993, 
Goldberg & Smith 2004). Collagens are the most common proteins in the dentin 
extracellular matrix (90%), type I collagen being the most abundant (Linde & 
Goldberg 1993, Goldberg & Smith 2004). Type III collagen and, in lesser 
amounts, types V and VI have also been found in predentin or dentin (Goldberg & 
Smith 2004). Many noncollagenous proteins are considered to play important 
roles in promoting and controlling the mineralization of collagen fibrils and 
crystal growth during dentin formation (Butler et al. 2003). Dentin also contains 
multiple growth factors, including TGF-β1-3, insulin-like growth factors (IGF) -I 
and -II, bone morphogenetic proteins (BMPs) and several angiogenic growth 
factors (Finkelman et al. 1990, Roberts-Clark & Smith 2000, Bessho et al. 1991, 
Cassidy et al. 1997). These dentin-bound growth factors may be released during 
processes leading to dentin dissolution, e.g. caries progression, and have the 
potential to stimulate reparative dentinogenesis (Smith 2003). 

2.2.4 Inflammatory response of the dentin-pulp complex 

Invasion of bacteria or bacteria-derived factors into the pulp is a major etiologic 
factor in the inflammation of pulp tissue. This invasion can be initiated by e.g. 
caries or tooth fracture. (Trowbridge 2002).  

Pulpal inflammation caused by caries begins with a low-grade immune 
response to bacteria and bacteria-derived factors, and initially resembles a chronic 
inflammatory reaction (Trowbridge 2002). The first signs of inflammation can be 
observed before the bacteria penetrate into the dentin (Brannstrom & Lind 1965, 
Bjorndal & Mjor 2001). Indeed, there is proof that the defensive and 
inflammatory reactions occur in the pulp tissue even during the very early phases 
of enamel caries (Bergenholtz 2000). Pulpal nerve fibers react to inflammation by 
sprouting terminal branches and by altering their neuropeptide, e.g. calsitonin 
gene-related peptide (CGRP), production (Byers & Närhi 1999, Byers et al. 2003). 
The sensory nerve fibers play an important role in promoting the arrival of 
immunocompetent cells into pulp tissue (Fristad et al. 1997). The initial 
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infiltrating inflammatory cells contain mostly lymphocytes, macrophages and 
plasma cells with a minor amount of neutrophils (Trowbridge 2002). The acute 
pulpal inflammation, with the migration of abundant amounts of neutrophils 
towards the lesion, starts only when bacteria have invaded the reparative dentin 
formed under the lesion (Trowbridge 2002, Langeland 1987). The acute 
inflammatory response consists largely of a vascular reaction; mediators released 
by various cells (e.g. serotonin, histamine and neuropeptides such as substance P, 
CGRP, neurokinin A and somatostatin) lead to alterations in pulp blood flow and 
increase the capillary permeability (Fouad 2002). Thus, plasma proteins and 
neutrophils gain better access to the inflamed area and can neutralize or 
phagocytose the irritant (Trowbridge 2002). Different types of T-lymphocytes 
(CD4+ helper, CD8+ cytotoxic), macrophages, neutrophils, dendritic cells, and 
plasma cells can be found in inflamed pulp tissue, and their numbers increase 
when the disease progresses (Jontell et al. 1998). The dendritic cells and also 
CD3+ (memory) T-lymphocytes accumulate under the lesion, while the 
accumulation of other immunocompetent cells is minor, suggesting that the 
dendritic cells and the memory T cells are critical in triggering immunological 
reactions of pulp (Jontell et al. 1998). Severe pulpal inflammation may lead to 
increased interstitial tissue pressure, which in turn causes necrosis, since pulp is 
enclosed inside rigid mineralized structures and thus is a non-compliance 
environment (Trowbridge 2002, Heyeraas & Berggreen 1999).  

2.3 Cytokines in the dentin-pulp complex 

Cytokines are proteins and polypeptides that are produced by a cell and affect the 
growth or differentiation of the same or another cell. The term includes e.g. 
interleukins (ILs) and chemokines as well as differentiation and growth factors, 
but usually excludes endocrine hormones. Cytokines are characterized by their 
pleiotropism and redundancy and have vital roles in e.g. differentiation, cell 
division, apoptosis and inflammation. Virtually all cell types are capable of 
producing some cytokines in response to diverse stimuli. (Oppenheim & 
Feldmann 2003). Many cytokines play roles in immune response and immunity 
and can be called inflammatory cytokines. Proinflammatory cytokines are 
molecules that induce inflammatory reactions, while anti-inflammatory cytokines 
have suppressory function in the inflammatory response (Oppenheim & 
Feldmann 2003). Classic proinflammatory cytokines include IL-1, IL-12, tumor 
necrosis factor α (TNF-α), granulocyte-macrophage colony-stimulating factor 
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(GM-CSF) and interferon γ (IFN-γ), while e.g. IL-4, IL-10, IL-13 have anti-
inflammatory functions (Oppenheim & Feldmann 2003). Chemokines, a group of 
small (approximately 8 to 14 kD) structurally related molecules that regulate the 
cell trafficking of leukocytes, are another group of major contributors to 
inflammation. The chemokines also play crucial roles in the development, 
homeostasis, and function of the immune system, and they have additional effects 
on cells of the central nervous system and angiogenesis. Chemokines are divided 
into two major subfamilies, CXC and CC, based on the arrangement of the first 
two of the four conserved cysteine residues. (Palmqvist et al. 2007).  

Cytokines have multiple important functions in the dentin-pulp complex 
during health and disease. Inflammatory cytokines both pro- and anti-
inflammatory, e.g. several interleukins and chemokines have critical roles in the 
immune defense of dental pulp (Fouad 2002). Growth factors, which can be 
released from dentin during caries, play a central role in the regulation of the 
dentin-pulp complex defense reactions by stimulating odontoblast differentiation 
and reparative dentin formation (Smith 2003, Tziafas 2004).  

2.3.1 Inflammatory cytokines in the dentin-pulp complex 

Multiple inflammatory cytokines have been detected in the dentin-pulp complex 
of healthy and/or diseased teeth (Table 1). 
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Table 1. Inflammatory cytokines in the dentin-pulp complex, their predominant 
functions and targets. 

Cytokine Function Target  

CCL2 chemokine iDC, monocyte, T cell, etc. 

CCL7 chemokine monocyte, NK cell, basophil, etc. 

CCL20 chemokine iDC, T cell, B Cell 

CCL26 chemokine eosinophil, basophil, iDC, etc 

G-CSF action and differentiation granulocyte 

M-CSF action and differentiation macrophage 

GM-CSF action and differentiation granulocyte, macrophage 

CXCL2 chemokine neutrophil 

CXCL4 chemokine neutrophil, fibroblast 

CXCL5 chemokine neutrophil 

CXCL10 chemokine NK cells 

CXCL11 chemokine T cell, monocyte, granulocyte 

CXCL12 chemokine widespread 

CXCL14 chemokine unknown 

IFN-γ proinflammatory phagocyte, T Cell 

IL-1α proinflammatory T cell proliferation, indirect 

stimulation of chemokines 

IL-1β proinflammatory T cell proliferation, indirect 

stimulation of chemokines 

IL-2 proinflammatory T cell, B cell, NK 

IL-3 (multi-CSF) chemokine eosinophil, B cell 

IL-4 anti-inflammatory T cell, B cell, mast cell 

IL-6 pro/anti-inflammatory T cell, B cell 

IL-8 (CXCL8) chemokine neutrophil 

IL-10 anti-inflammatory T cell 

IL-18 proinflammatory multifunctional 

TGF-β1 pro/anti-inflammatory, chemokine multifunctional 

TNF-α proinflammatory multifunctional 

Inflammatory cytokines in healthy pulp 

Various ILs, which are a group of cytokines with multiple pro- and anti-
inflammatory functions, including chemotaxis, proliferation and stimulation of 
various leukocytes and suppression of other cytokines, are expressed in pulp 
tissue. IL-1α, -1β, -2, -4, -6, -8, -10 and IL-18 have all been detected in healthy 
human pulp in vivo (Zehnder et al. 2003, Anderson et al. 2002, Hahn et al. 2000). 
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Likewise, multiple ILs, including IL-1α, -1β, -2, -6, have been observed in 
healthy murine pulp tissue in vivo (Bletsa et al. 2004, Bletsa et al. 2006).  

Low amounts of IFN-γ and TNF-α have also been detected in human and rat 
pulp tissue in vivo (Hahn et al. 2000, Bletsa et al. 2006, Tani-Ishii et al. 1995). 
TNF-α is a multifunctional proinflammatory cytokine secreted by several cell 
types but predominantly by monocytes/macrophages, with additional effects on 
lipid metabolism, coagulation, insulin resistance, and endothelial function 
(Feghali & Wright 1997). Proinflammatory cytokine IFN-γ is produced by 
activated T-lymphocytes and natural killer (NK) cells and enhances the function 
of phagocytes (Feghali & Wright 1997, Vilcek 2002). Additionally, the expression 
of granulocyte colony stimulating factor (G-CSF) by untreated human pulp 
fibroblasts in vitro has been observed (Sawa et al. 2003). Colony-stimulating 
factors (CSFs), granulocyte(G)-CSF, macrophage(M)-CSF, granulocyte-
macrophage(GM)-CSF and multifunctional (multi)-CSF (also known as IL-3) are 
cytokines necessary for the survival, proliferation and differentiation of 
hematopoietic progenitor cells as well as for the overall immune competence 
(Barreda et al. 2004). Chemokines CCL2, CCL7, CCL26, CXCL2, CXCL12 and 
CXCL14 have been detected in untreated cultured pulp fibroblasts in vitro 
(Staquet et al. 2008). 

Inflammatory cytokines in healthy odontoblasts 

Due to their location in the periphery of pulp tissue, odontoblasts are the first cells 
in the dentin-pulp complex to encounter the bacteria or bacterial products that 
penetrate through the enamel and the dentin (Vongsavan et al. 2000). The 
odontoblasts constitutively express low levels of IL-8 (also known as CXCL8) 
and other chemokines including CCL2, CCL20, CCL26, CXCL4, CXCL12 and 
CXCL14, as well as chemokine receptors CXCR2, CCRL1 and CCRL2 
(Veerayutthwilai et al. 2007, Levin et al. 1999, Staquet et al. 2008, Durand et al. 
2006). CCL2, CXCL12 and CXCL14 are known to attract immature dendritic 
cells, while CCL26 functions in the suppression of their recruitment. TGF-β1 is 
secreted by odontoblasts in healthy teeth, and its expression increases in 
irreversible pulpitis (Sloan et al. 2000, Piattelli et al. 2004). Nonetheless, the 
knowledge of the odontoblast cytokine expression profile remains restricted. 
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2.3.2 Cytokine response of the dentin-pulp complex to caries 

For inflamed pulp to survive, it is essential that the infection is removed and the 
inflammation is controlled. For these functions, both pro- and anti-inflammatory 
cytokines are needed. In the inflammatory response, exogenous factors, e.g. 
bacterial products, cause induction of cytokines that activate the immune response, 
while chemokines function as mediators to recruit various leukocytes. Cytokines 
interact and function in a synergistic or antagonistic fashion, defining the type of 
cells that infiltrate the site of inflammation and the outcome of the disease. 
(Gouwy et al. 2005). The functions of specific cytokines in various immune and 
inflammatory conditions, including caries, are not well understood due to intricate 
and overlapping functions of the inflammatory cytokines.  

During caries, bacterial antigens diffuse through the dentinal tubules into the 
pulp, leading to the activation of the immune system and inflammation (Smith 
2003, Trowbridge 2002, Hahn & Liewehr 2007). Both gram-positive and gram-
negative bacteria are present in the carious lesion, and thus lipoteichoic acid 
(LTA), produced by gram-positive bacteria, and lipopolysaccharides (LPS), a cell 
wall component of the gram-negative bacteria, have been used to induce 
inflammatory reaction in the dentin-pulp complex in experimental conditions 
(Hahn & Liewehr 2007). Both LPS and LTA bind to Toll-like receptors (TLRs) 
that play critical roles in the recognition of microbial components and trigger 
innate and adaptive immunity (Verstak et al. 2007, Takeda & Akira 2005). The 
activation of TLRs induces the production of proinflammatory cytokines, such as 
TNF-α, IL-1, IL-8, IL-12, and also anti-inflammatory cytokines, e.g. IL-10 
(Henderson & Wilson 1996, Ginsburg 2002). 

Cytokine response of pulp to caries 

The expression of various inflammatory cytokines, e.g. several ILs and 
chemokines, has been observed in inflamed human pulp tissue in vivo (Zehnder et 
al. 2003, Hahn et al. 2000, McLachlan et al. 2004, Takahashi et al. 2008), while 
an abundant number of IL-1α and TNF-α producing cells, primarily fibroblasts 
and macrophages as well as some neutrophils, have been observed in inflamed 
pulp tissue of rat (Tani-Ishii et al. 1995) (Table 2). 

After LPS treatment of rat pulp in vivo, increased gene expression and 
elevated amounts of several proinflammatory cytokines have been observed in 
interstitial fluid (Kawashima et al. 2005, Bletsa et al. 2006) (Table 2). Also, in 
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vitro stimulation of cultured human pulp fibroblasts with LPS and another 
bacterial product methyl mercaptan have been shown to induce IL-6 production 
(Coil et al. 2004, Tokuda et al. 2001). Additionally, endodontic pathogens have 
been shown to stimulate IL-6 and -8 production in cultured human pulp 
fibroblasts in vitro (Yang et al. 2003a, Yang et al. 2003b). LPS treatment of pulp 
fibroblasts in vitro also upregulates the gene expression of several chemokines, 
including CCL2, CCL7, CCL26, CXCL10 and CXCL11, while LTA treatment 
upregulates CCL2 and -7 (Staquet et al. 2008) (Table 2).  

Table 2. Cytokines upregulated in inflamed pulp tissue in vivo or in response to 
treatment with inflammatory reaction triggering agents in vitro. 

Cytokine In vivo  

(animal) 

In vitro 

(animal/treatment) 

Reference 

CCL2  human/LPS, LTA Staquet et al. 2008 

CCL7  human/LPS, LTA Staquet et al. 2008 

CCL20 human human/IL-1α, TNF-α Takahashi et al. 2008 

CCL26  human/LPS Staquet et al. 2008 

CXCL5 human   McLachlan et al. 2004, 

CXCL10  human/LPS Staquet et al. 2008 

CXCL11  human/LPS Staquet et al. 2008 

GM-CSF human human/TNF-α Sawa et al. 2003 

M-CSF human human/TNF-α Sawa et al. 2003 

IFN-γ human, rat  Hahn et al. 2000, Bletsa et al. 2006 

IL-1α rat   Tani-Ishii et al. 1995, Kawashima et al. 2005, Bletsa et 

al. 2006 

IL-1β human, rat  McLachlan et al. 2004, Takahashi et al. 2008, 

Kawashima et al. 2005, Bletsa et al. 2006 

IL-4 human  Hahn et al. 2000 

IL-6 human, rat human/pathogen McLachlan et al. 2004, Zehnder et al. 2003, Bletsa et al. 

2006, Yang et al. 2003a, Yang et al. 2003b 

IL-8 human human/IL-1α, TNF-α, 

pathogen 

McLachlan et al. 2004, Takahashi et al. 2008, Zehnder et 

al. 2003, Yang et al. 2003a, Yang et al. 2003b 

IL-10 human, rat  Hahn et al. 2000, Kawashima et al. 2005 

IL-18 human  Zehnder et al. 2003 

TNF-α human, rat  McLachlan et al. 2004, Kawashima et al. 2005, Bletsa et 

al. 2006 
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Cytokine response of odontoblasts to caries 

Bacterial antigens induce the production of proinflammatory cytokines by 
odontoblasts (Hahn & Liewehr 2007). Several proinflammatory cytokines have 
been observed in the odontoblast layer of carious human teeth in vivo (Sawa et al. 
2003, Durand et al. 2006, Veerayutthwilai et al. 2007) (Table 3). 

Odontoblasts demonstrate a differential cytokine response to the antigens of 
gram-positive and gram-negative bacteria in vitro (Veerayutthwilai et al. 2007). 
LPS, a component of the cell wall of gram-negative bacteria, stimulates human 
odontoblasts to produce cytokines IL-1β, -8 (CXCL8), TNF-α, and CCL20 as 
well as CCR6, a receptor of CCL20, in vitro (Veerayutthwilai et al. 2007, Levin et 
al. 1999) (Table 3). The stimulation of odontoblasts in vitro with TLR2 ligand, 
mimicking the effect of gram-positive bacteria, causes downregulation of the 
cytokines upregulated by LPS (Veerayutthwilai et al. 2007). On the other hand, 
LTA, a component of gram-positive bacteria, stimulates the gene expression of 
chemokines CCL2, CCL7, CXCL2 and CXCL10 in odontoblasts in vitro (Staquet 
et al. 2008, Durand et al. 2006) (Table 3). All these chemokines contribute to the 
recruitment of different leukocytes (Mantovani et al. 2004). Also, the gene 
expression of TGF-β1 is down-regulated in odontoblasts challenged with LTA in 
vitro (Durand et al. 2006). 

Table 3. Cytokines upregulated in inflamed odontoblasts in vivo or in response to 
treatment with inflammatory reaction triggering agents in vitro. 

Cytokine In vivo 

(animal) 

In vitro 

(animal/treatment) 

Reference 

CCL2 human human/LTA Durand et al. 2006, Staquet et al. 2008 

CCL7  human/LTA Durand et al. 2006,Staquet et al. 2008 

CCL20 human human/LPS Veerayutthwilai et al. 2007 

CXCL2  human/LTA Durand et al. 2006, Staquet et al. 2008 

CXCL10  human/LTA Durand et al. 2006, Staquet et al. 2008 

G-CSF human  Sawa et al. 2003 

M-CSF human  Sawa et al. 2003 

IL-1β human human/LPS Veerayutthwilai et al. 2007 

IL-8  human/LPS Levin et al. 1999, Veerayutthwilai et al. 2007 

TNF-α human human/LPS Veerayutthwilai et al. 2007 
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2.4 Neuropeptides in the dentin-pulp complex 

Neuropeptides are peptides secreted by neurons and function as signaling 
molecules either at a synapse or elsewhere (Lodish et al. 2000). In teeth 
neuropeptides play roles in vasoactive functions (Heyeraas & Berggreen 1999, 
Berggreen & Heyeraas 2000), regulation of inflammatory reactions (Fristad et al. 
1997) and proliferation of pulpal cells (Bongenhielm et al. 1995). Several 
neuropeptides, including substance P, CGRP, neurokinin A, neuropeptide K, 
somatostatin and vasoactive interstitial peptide, have been detected in pulp tissue 
(Fouad 2002). The nerve fibers extending into the dentin contain neuropeptides, 
including CGRP and substance P (Silverman & Kruger 1987, Wakisaka et al. 
1985, Byers & Närhi 1999). The nerve endings form varicosities near the 
odontoblasts, and adhesion-like contacts between the odontoblasts and nerve 
endings have been observed (Byers 1984, Byers & Närhi 1999). The intradentinal 
nerve endings are capable of exocytosis and are thought to be able to mediate 
efferent signals (Norlin et al. 1999). 

Several neuropeptide receptors have been observed in odontoblasts. 
Neurokinin 1 (NK1) receptor, which has a high affinity to substance P, and NK2 
receptors have been detected in rat odontoblasts (Kido et al. 2005, Fristad et al. 
2003), the NK1 amount being higher in the odontoblast cell process than in the 
cell body (Kido et al. 2005). The receptor for CGRP has not been detected in 
odontoblasts (Fristad et al. 2003). The neuropeptide bradykinin has been shown 
to control phosphorylation of endothelial nitric oxide synthase by odontoblasts 
(Korkmaz et al. 2006). With the exception of neurotensin (NT), there are no 
reports of neuropeptide expression by odontoblasts. NT immunoreactivity has 
been observed in rat odontoblasts and has been indicated in the nociception of 
tooth (Bhatnagar et al. 1995). 

2.5 Transcriptome and proteome of the dentin-pulp complex 

The human genome consists of approximately 3 billion nucleotide base pairs, and 
the current estimates of the total number of genes vary between 20000 and 25000 
(Human Genome Project, http://www.ornl.gov/sci/techresources/ 
Human_Genome/home.shtml). While the genetic information, the genome, is the 
same in every cell, the mRNA and protein content, the transcriptome and the 
proteome, vary between the cells. The number of genes expressed in a cell 
depends on the environmental and developmental conditions. In general, only a 
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fraction of the genes are expressed at a certain time in any cell type or tissue. 
Thus, gene expression studies are used to describe the abundance of certain 
mRNA molecules produced in a cell or a collection of cells at a given time or in 
given circumstances. Protein levels reflect the ongoing biological and functional 
processes of the cell. However, there is no reliable correlation between gene 
activity and protein amount (Anderson & Seilhamer 1997). There are several 
reasons for this, including the degradation or inefficient translation of mRNA. 
The major advance of proteomics, compared to transcriptomics, is that it enables 
the detection of protein isoforms resulting from post-translational modifications, 
proteolytic processing, or alternative mRNA splicing. 

Traditionally, gene and protein expression studies have been performed one 
gene or protein at a time. Various methods, such as different PCR techniques, in 
situ hybridization, Northern blot at the mRNA level as well as Western blot and 
immunohistochemical staining at the protein level, have been used to study gene 
and protein expression. All these methods have the disadvantage of enabling the 
expression analysis of only a limited amount of genes or proteins simultaneously.  

In recent years, the use of methods enabling large-scale expression analysis 
of transcriptomes and proteomes has rapidly increased in molecular biology and 
biomedical science. These methods enable the expression of thousands of genes 
and proteins to be studied simultaneously and thus enable the formation of 
genome-wide expression profiles. Large-scale screening methods are also 
powerful tools to discover new genes, and to search for interestingly behaving 
genes and proteins, which could be used as biomarkers for diagnosis and 
estimation of pulp tissue defense potential, and potential target proteins for 
treatment. Even though the large-scale expression analysis techniques are widely 
used in biomedical research, they have been used only rarely in pulp biology. 

2.5.1 Transcriptomics  

High-throughput methods to study transcriptome include e.g. DNA microarray, 
differential display, serial analysis of gene expression (SAGE), massive parallel 
signature sequencing (MPSS), and suppression subtractive hybridization (SSH). 

DNA Microarray 

A DNA microarray consists of oligonucleotides or cDNA fragments that are either 
synthesized directly or spotted onto a solid support, such as a glass slide or filter. 
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The arrays are designed to simultaneously measure the expression level of all 
genes represented on the array, and thus allow the simultaneous expression 
analysis of thousands of genes in a particular tissue or cell type. The basic 
concept of microarray technology is to hybridize test oligonucleotides prepared 
from the studied mRNA sample (called targets) to the complementary sequences 
called probes, which are bound to a solid surface.  

The two most commonly used microarray types are based on a collection of 
cDNA fragments (Schena et al. 1995) or short (25mer) oligonucleotides produced 
by photolithography (Affymetrix GeneChip) (Lockhart et al. 1996). In addition, 
microarrays containing longer (60–100 bp) oligonucleotide probes, which are 
produced by an inkjet printing process (Agilent arrays), can be used. There are 
also different labeling methods. Traditionally, single- or double-labeling is used. 
Recently, a method using a third label for quality control purposes has been 
introduced (Wang et al. 2003, Wang et al. 2006). When double-labeling is used, 
mRNA from two different samples is converted into cDNA and labeled with two 
different fluorescent dyes. The samples (targets) are then mixed and hybridized 
onto the same array, resulting in competitive binding of the targets to the probe 
sequences (Fig. 2.). The array is then scanned at a suitable wavelength to produce 
a composite image. The use of double-labeling reduces the effect of slight 
differences between the arrays. In the system used by Affymetrix GeneChip 
arrays, mRNA is reverse transcribed to produce double-stranded cDNA, which is 
in vitro transcribed and amplified into biotin-labeled cRNA. The cRNA is then 
fragmented and hybridized onto the arrays. After several washes the cRNA is 
stained with streptavidin-phycoerythrin and the array is scanned (Fig. 2.) 

The high density oligonucleotide array manufactured by Affymetrix is the 
most commonly used microarray platform. Of the ten most used platforms in the 
Gene Expression Ontology (GEO) database, nine are manufactured by 
Affymetrix, Inc. The Affymetrix microarrays have been proven highly 
reproducible (Lockhart et al. 1996) and the Affymetrix system includes its own 
software for scanning the array slides and raw data analysis of the slides. 
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Fig. 2. Schematic figure of target preparation for microarray analysis using double-
labeling or the single-label system used by Affymetrix GeneChip. 

In any microarray experiment image analysis, signal adjustment and data 
normalization to correct for the non-biological variability (or noise) is required. 
After this processing, the normalized gene expression data can be analyzed using 
various statistical tools and exploratory methods to extract genes or patterns with 
biological significance. Thus, the data analysis of a microarray experiment is a 
multi-step process, and various analysis programs have been developed. 
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Since DNA microarray enables the monitoring of gene expression of tens of 
thousands of genes in several samples in one experiment, immense amounts of 
data are produced. Primary microarray data are expensive and time-consuming to 
collect, but despite the high cost, the experiments are rarely fully mined. Thus, 
several databases, such as Gene Expression Ontology (GEO), ArrayExpress 
(AEX) and Celsius, which function as repositories of microarray data, have been 
formed. Several meta-analyses using archived data have been published (Rhodes 
et al. 2004, Stuart et al. 2003) demonstrating the benefits of these databases.  

Due to the wide selection of methods and applications for production and 
normalization of microarray data, comparability of the analysis results of 
microarray experiments is a major challenge. For this purpose, guidelines for 
reporting microarray data and standards for minimum information about 
microarray experiments (MIAME) (Brazma et al. 2001) have been developed by 
the Microarray Gene Expression Data Society (MGED). Compliance with 
MIAME standards and deposition of the original datasets to a public database are, 
at present, considered a requirement for publication of microarray data by many 
journals. MIAME includes standardized guidelines for presenting information of 
both array design and the gene expression experiment. 

Suppression subtractive hybridization (SSH) 

The SSH process normalizes the levels of rare and abundant genes, and subtracts 
genes expressed in both samples, and can thus be used to find genes expressed in 
one sample but not in the other. The method can be generally divided into six 
steps: (1) synthesis of tester/driver cDNAs; (2) digestion by a four-base cutting 
restrictive enzyme yielding blunt ends; (3) separation of the tester cDNA into two 
samples, followed by ligation with two different suppression-adapter; (4) two 
successive subtractive hybridization; (5) PCR amplification of target sequences 
recognized by the different adapters; and (6) construction of the subtracted library 
(Diatchenko et al. 1996). The main advantage of SSH in comparison with the 
microarray techniques is that SSH does not require any sequence information 
prior analysis. 

Serial analysis of gene expression (SAGE) 

SAGE (Velculescu et al. 1995) is based on the fact that a nucleotide sequence as 
short as 910 base pairs provides enough information for identification of a 
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transcript. In SAGE, cDNA is cleaved with restriction enzymes and the 3' ends 
are attached to streptavidin beads. The cDNA is then divided into two parts and 
ligated with different primers, including a recognition site for a restriction 
endonuclease cleaving around 20 base pairs away from the recognition site. This 
leads to small tags of cDNAs, which can be ligated together and cloned in 
tandem. SAGE provides both qualitative and quantitative information of gene 
expression levels. 

Massive parallel signature sequencing (MPSS) 

MPSS (Brenner et al. 2000) is a powerful sequencing method generating millions 
of sequences simultaneously using microbeads. In MPSS, the 3' ends of a cDNA 
library are cloned in vitro on microbeads, from which 20 bp long sequences, 
generated for each transcript, are sequenced. An advantage of MPSS, in 
comparison with other sequencing-based methods (e.g. SAGE), is that DNA 
fragment separation is not necessary. With MPSS, more than 500 000 signatures 
can be sequenced in a single run. The number of signatures directly reflects the 
expression level of the corresponding gene. To identify the transcripts, the 
signatures are matched to the genomic sequence.  

2.5.2 Proteomics  

Several methods can be used for large-scale proteome studies, including 2-D 
electrophoresis or liquid chromatography, both usually combined with mass 
spectrometry (MS), antibody-based protein arrays, and biomolecular interaction 
analysis/mass spectrometry (BIA/MS). The protein separation with 2-D 
electrophoresis and subsequent identification with MS are the most commonly 
used methods for large-scale proteomics (Bertone & Snyder 2005).  

2-D electrophoresis 

In 2-D electrophoresis, proteins are first separated in one direction by isoelectric 
focusing (IEF) and then in the second direction by molecular mass using 
electrophoresis in a slab gel containing sodium dodecyl sulfate (SDS) (O’Farrell 
et al. 1977). With this method several thousand proteins can be separated, making 
it one of the most powerful tools for proteomics. However, 2-D gels are laborious 
and time-consuming to run and their dynamic range is limited, while their ability 
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to detect weakly soluble or rare proteins is poor. Additionally, 2-D 
electrophoresis provides only means for the separation of proteins, which then 
have to be identified by e.g. MS. (Zhu et al. 2003) 

Antibody arrays 

In antibody-based arrays antibodies are spotted onto a surface, such as a glass 
slide, and e.g. a cell lysate or serum is passed over the surface to allow the sample 
antigens to bind to the specific antibodies. The bound antigen is then detected by 
using fluorescently tagged or radioactively labeled proteins, or by using 
secondary antibodies against each antigen of interest (Zhu et al. 2003). The 
biggest problem of antibody arrays is the specificity of the antibodies. 
Nonetheless, there is evidence that antibody arrays can be used for detection of 
antigen abundance in complex mixtures such as serum (Haab et al. 2001, Miller 
et al. 2001). When compared with 2-D electrophoresis, the antibody arrays have 
the clear advantage of being able to detect very small protein quantities.  

Biomolecular interaction analysis/mass spectrometry (BIA/MS) 

BIA/MS is a method in which binding of an analyte in solution to a surface-
bound binding partner is analyzed by monitoring surface plasmon resonance 
(SPR), and the bound analytes are identified by MS (Krone et al. 1997). SPR is a 
label-free quantification method detecting the interaction of light photons with 
free electrons (surface plasmons) on a gold surface to quantify the changes in 
concentration or amount of biomaterial on the surface (McDonnell 2001). 
BIA/MS is a useful and sensitive analytical tool to confirm and quantify affinities 
of proteins (Lopez et al. 2003). However, it requires special equipment and is not 
widely used. 

2.5.3 Transcriptomics and proteomics in pulp biology 

Most studies of the transcriptome and proteome of dental pulp and odontoblasts 
have been made using traditional methods that enable studying one or a few genes 
or proteins simultaneously. 

Microarray techniques have been used in a small number of studies in pulp 
biological research. cDNA microarray has been used to compare dental pulp stem 
cells with mesenchymal stem cells (Yamada et al. 2006) and with bone marrow 
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stem cells (Shi et al. 2001). The Affymetrix oligonucleotide microarray has also 
been used to study gene expression changes caused by severe caries (McLachlan 
et al. 2005). Tete et al. (2008) have used DNA microarray to profile the mRNA 
expression of individual healthy human pulp tissues. Liu et al. (2007) have used 
an oligonucleotide-based microarray to identify genes associated with dental pulp 
stem cell mineralization. cDNA microarray has been used to study the effects of 
LPS and LTA on TLR and chemokine expression of cultured pulp fibroblasts and 
odontoblasts (Staquet et al. 2008, Durand et al. 2006). Chen et al. (2005) used 
cDNA microarray to study differential gene expression between pulp cell cultures 
established from cleidocranial dysplasia patients and healthy controls.  

SSH has been used to compare large-scale gene expression between cultured 
fibroblastic pulp cells and cultured odontoblast-like cells (Buchaille et al. 2000). 
The same method has been used to search for genes expressed differentially or 
predominantly in rat odontoblasts, by subtracting the genes commonly expressed 
in odontoblasts, osteoblasts and pulp cells (Dey et al. 2001). Additionally, SSH 
has been used to compare cultured odontoblast-like cells and cultured osteoblasts 
(Hao et al. 2005).  

The use of large-scale proteomics in pulp biological studies has been very 
limited. Antibody array has been used e.g. to evaluate the effects of LTA on 
chemokine expression by odontoblasts (Durand et al. 2006) and the roles of 
odontoblasts and fibroblasts in immunity (Staquet et al. 2008).  
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3 Aims of the study 

The specific aims of this study were: 

1. To investigate the suitability of large-scale expression analysis methods for 
pulp-biological research in vivo and in vitro.  

2. To study the effects of caries on the transcriptome and proteome of human 
pulp tissue. 

3. To investigate the effects of TGF-β1 on the transcriptome of pulp tissue and 
odontoblasts in vitro. The specific interest was on the expression profile of 
interleukins.  

4. To search for potential novel odontoblast markers by comparing the 
transcriptome of pulp tissue and odontoblasts. 

5. To compare the transcriptome of mature native odontoblasts with cultured 
newly differentiated odontoblasts to provide insight into the relevance of 
odontoblast-like cell culturing to mature human odontoblasts. The specific 
interest was on the expression of neuronal proteins. 
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4 Materials and methods 

4.1 Samples 

4.1.1 Collection of mature native teeth and native odontoblast and 
pulp samples (I–IV) 

Intact (total n=179) and carious (n=62) human third molars were obtained for the 
study from the Oulu Health Care Center Dental Specialty Care Unit and the 
University Student Health Care Center, Oulu. All the teeth were removed during 
normal treatment, and the patients were healthy, young (18–25 years) adults. The 
molars were used for the experiments after the patients’ informed consent, 
following the guidelines of the Faculty of Medicine at the University of Oulu for 
the use of human samples in research. The study was approved by the Ethical 
Committee of the Northern Ostrobothnia Hospital District (23–2003). The carious 
teeth (I) were affected by enamel caries or early dentinal caries. Teeth with deep 
caries were excluded. The teeth were immersed in phosphate-buffered saline 
(PBS) and used immediately for the experiments or stored at −70 °C. 

Native pulp tissue and odontoblast samples (I–IV) were obtained as 
previously described (Palosaari et al. 2000). Crown and root were separated by 
cutting a groove with a diamond-edged disc 2–3mm apically from the cement-
enamel junction, and the roots were fractured off through the cutting line with 
sharp-edged pliers. Next, the pulp tissue was carefully removed with forceps and 
either cut to pieces and put into Trizol-reagent (GIBCO-BRL, Gaithersburg, MD, 
USA) (I) or frozen with liquid nitrogen and pulverized (II–III). The pulp chamber 
was washed with PBS, filled with Trizol-reagent, and the odontoblasts remaining 
on the walls of the pulp chamber were removed and collected with a dental 
excavator (II–IV). 

Developing human third molars used for culturing odontoblast-like cells (IV) 
and for immunofluorescent analyses (IV) were extracted for orthodontic reasons, 
and informed consent was obtained from the patients in accordance with French 
legal requirements (Article 672-1, Public Health Code).  
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4.1.2 Pulp tissue and odontoblast cultures (II, III) 

The pulp tissues and odontoblasts were cultured using method described by 
Tjäderhane et al. (1998). Briefly, after cutting the roots of healthy third molars, 
pulp tissues were gently removed and cultured in serum-free OPTI-MEM 1 
(Invitrogen, Paisley, UK) culture medium supplemented with 100 IU/ml 
penicillin-streptomycin (Biowhittaker Europe, Verviers, Belgium), 0.25 μg/ml 
Fungizone (Gibco-BRL, Paisley, UK) and 50 μg/ml vitamin C (Sigma, Saint 
Louis, MO, USA). To culture odontoblasts, the crowns with odontoblasts 
remaining on the walls of the pulp chamber were embedded upside down to 
agarose gel supplemented with Dulbecco’s modified medium and 0.25 μg/ml 
Fungizone (Gibco-BRL, Paisley, UK), and the pulp chambers were filled with the 
same culture medium as used to culture pulp tissues. Next, the crowns were 
covered with glass cover slips to prevent evaporation. Odontoblasts and pulp 
tissue were cultured with and without 1 ng/ml of TGF-β1 for different periods. 
The culturing took place at 37 °C in the presence of 5% CO2. After the culture 
period, 1 h, 5 h, 24 h or 48 h for pulp tissue and 1h or 24h for odontoblasts, the 
pulp tissues were frozen with liquid nitrogen and odontoblasts were scraped with 
a dental excavator into Trizol-reagent (GIBCO-BRL, Gaithersburg, MD, USA) 
and frozen. The culture media were collected after the culture period and stored at 
−20 °C.  

4.1.3 Cultured odontoblast-like cells (IV) 

The odontoblast-like cells were cultured as previously described (Couble et al. 
2000). Pulp explants were grown in Eagle’s basal medium (Invitrogen, Grand 
Island, NY) supplemented with ascorbic acid, antibiotics, and fetal calf serum. 
Sodium β-glycerophosphate (10 mM) was added to the medium to differentiate 
the cells into odontoblast-like cells as described previously (Couble et al. 2000). 
After 2–3 weeks of culturing, the cells differentiated into odontoblast-like cells 
with typical (position of the nucleus, cellular extension, junctional complexes, 
intracellular organelles) and functional features of odontoblasts (type I collagen, 
dentin sialophosphoprotein, enamelysin, osteoadherin). 
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4.1.4 Mouse bone samples (II) 

Twenty tibia of four days old mice (provided by Outi Lahti, Department of 
Anatomy and Cell Biology, University of Oulu) were frozen in liquid nitrogen, 
pooled and pulverized for the protein extraction.  

4.2 Extraction of RNA and proteins (I–IV) 

Total RNA of pulp tissue and odontoblasts was extracted with Trizol® reagent 
(GIBCO-BRL, Gaithersburg, MD, USA) and further purified with the Qiagen 
RNeasy Mini Kit (Hilden, Germany) according to the manufacturers’ instructions. 
The purity of RNA was determined by measuring absorbances at 260 nm and 280 
nm, and only 260 nm/280 nm ratios greater than 1.7 were accepted. RNA integrity 
was assessed by agarose gel electrophoresis so that only RNA preparations with 
clear 18S and 28S bands were accepted for further analyses. Total protein extracts 
were prepared from pulp tissue and odontoblast samples according to the Trizol-
reagent protocol.  

Total RNA from odontoblast-like cells was extracted using the Nucleospin 
RNA II kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s 
instructions (IV).  

From mouse tibia, proteins were extracted by elution with a buffer containing 
50 mM TRIS, 10 mM CaCl2, 150 mM NaCl and 0.05% Brij-35 by incubation for 
1 h at 4 °C (II).  

4.3 Large-scale analysis of gene expression 

4.3.1 cDNA microarray (I)  

Atlas Glass Human 1.0 microarrays (Clontech Laboratories, Palo Alto, CA, USA) 
were used for gene expression analysis between healthy and carious teeth pulp 
samples. Pulps of healthy teeth were divided into two pools, referred to below as 
h1 (n=8) and h2 (n=10), and those of carious teeth into two pools, referred to as 
c1 (n=17) and c2 (n=20). Ten micrograms of RNA from each pool was treated 
with 1 U of RQ1 RNase-Free DNase (Promega, Madison, WI, USA) and 
fluorescently labeled with Cy5 (carious samples, red label) and Cy3 (healthy 
samples, green label) (Amersham Pharmacia Biotech, Buckinghamshire, UK), 
respectively, with the Atlas Glass Fluorescent Labeling Kit (Clontech) according 
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to the manufacturer’s manual. Briefly, RNA was reverse transcribed into cDNA, 
into which the aminoallyl dUTP was incorporated. Then, N-hydroxysuccinimide-
activated Cy3 or Cy5 was coupled with the modified UTPs, and the probes were 
purified with nucleospin columns. The labeled probes were hybridized to the 
microarray chips according to the manufacturer’s instructions. Briefly, labeled 
probes were combined and diluted into hybridization buffer and added to the 
hybridization chamber containing the chip. The chamber was incubated overnight 
(at least 16 h) at 50°C and washed. Pooled samples c1 and h1 were hybridized 
once and samples c2 and h2 were hybridized twice. 

The microarrays were scanned using a GSI Lumonics SA 5000 scanner with 
the ScanArray software (GSI Lumonics, Watertown, MA, USA), and image 
analysis was performed with QuantArray software (GSI Lumonics) according to 
the manufacturer’s instructions. The scanned images for both labels were 
combined into one composite image, in which the color of each spot represented 
the measured Cy3/Cy5 intensity ratio of each gene. The efficiency of cDNA 
synthesis and dye incorporation was confirmed by strong and equal intensity of 
control spots. All irregularly shaped spots were excluded from further analysis. 
Differential expression of genes in healthy vs. diseased teeth was analyzed by 
calculating the Cy3/Cy5 intensity ratio for each spot from the intensity values 
acquired from the QuantArray software. The mean of ratios for two independent 
hybridizations for samples c2 and h2 were calculated. For normalization a single 
scaling factor was applied to each chip so that the average Cy3/Cy5 ratio was 1.0 
to balance the individual hybridization signals for meaningful comparison. The 
cut-off point for high expression was set as at least five times the background 
fluorescence. 1.4-fold change was selected as the cut-off point for a true change. 

4.3.2 GeneChip microarray (II, III, IV) 

GeneChip microarrays (Affymetrix, Santa Clara, CA, USA) were performed 
using Affymetrix HGU133A human genome arrays for native and cultured pulp 
tissues and using Affymetrix HGU133plus 2.0 arrays for native and cultured 
odontoblasts as well as odontoblast-like cells.  

Experimental procedures for GeneChip (Affymetrix, Santa Clara, CA, USA) 
were performed according to the Affymetrix GeneChip Expression Analysis 
Technical Manual. In essence, double-stranded DNA was synthesized using 10 µg 
of total RNA as the template by means of the Superscript Choice System (Gibco 
BRL Life Technologies, Rockville, MD, USA) and T7-(dT)24 primer. The DNA 
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was purified with the GeneChip Sample Cleanup Module (Qiagen, Valencia, CA, 
USA). In vitro transcription was performed to produce biotin-labeled cRNA using 
a BioArray HighYield RNA Transcription Labeling Kit (Enzo Diagnostics, 
Farmingdale, NY, USA) according to the manufacturer’s instructions. 
Biotinylated cRNA was cleaned with the GeneChip Sample Cleanup Module 
(Qiagen), fragmented to 35 to 200 nt, and hybridized to the array. After being 
washed, the array was stained with streptavidin-phycoerythrin (Molecular Probes, 
Eugene, OR, USA). The staining signal was amplified by biotinylated anti-
streptavidin (Vector Laboratories, Burlingame, CA, USA) and a second staining 
with streptavidin-phycoerythrin, and then scanned with an HP GeneArray Scanner. 
The expression data was analyzed using Affymetrix GeneChip Operating 
Software version 1.1.1. Signal intensities of all probe sets were scaled to the 
target value of 500. All samples were hybridized once. 

Data analysis (II, III, IV) 

Raw data were analyzed using Affymetrix software. Absolute calls (present, 
marginal and absent) and signal values (relative indicator of mRNA abundance) 
for each assayed gene were calculated by Affymetrix algorithms. Probe sets 
giving positive signals (present call) either solely in pulp tissue or in odontoblasts 
(II) and either only in native odontoblasts or in cultured odontoblast-like cells (IV) 
were analyzed with Onto-Express software (http://vortex.cs.wayne.edu) to divide 
the probes into categories according to the Gene Ontology (GO) classifications 
(http://www.geneontology.org). Some interesting categories were analyzed further 
by checking all the probe sets representing genes of those categories to exclude 
those represented by several probes with conflicting expression profiles.  

Genes with at least an eight-fold change in response to TGF-β1 treatment at 
least at one time point were manually divided into GO categories 
(http://www.geneontology.org) according to their biological function (III).  

Affymetrix CEL-files (raw data files) were imported into dChip software 
(www.dchip.org), and the software was used according to the software 
manufacturer’s manual (www.dchip.org) to search for gene categories 
demonstrating significant changes in response to TGF-β1 treatment (III). 
Invariant set normalization was used to normalize the arrays to make them 
comparable, and a model-based method was used for probe-selection and 
computing expression values. The expression levels were attached with standard 
errors as measurement accuracy, which were subsequently used to compute 90% 
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confidence intervals of fold changes in two-sample or two-group comparisons. 
Genes with a more than two-fold (lower confidence bound) increase or decrease 
in expression after TGF-β1 treatment were selected for further study and 
classified into categories. The p-values for the classified categories were 
calculated from the number of genes belonging to the category with changed 
expression and the total number of genes belonging to the category.  

Data downloaded from Gene Expression Omnibus (II) 

The data of expression profiles of two healthy human dental pulp samples 
(McLachlan et al. 2005) under number GSE1629 were downloaded from the 
GEO database (http://www.ncbi.nlm.nih.gov/projects/geo/) for comparative gene 
expression analysis. These samples had been analyzed using the same array 
(Affymetrix HGU133A) as our pulp samples, thus enabling the comparisons. 
Numbers of probe sets detecting gene expression were compared between the 
samples downloaded from the GEO database and our own pulp tissue sample so 
that the amounts of probe sets found only in one, in two, and in all three samples 
were calculated. Percentage agreement levels between individual samples were 
calculated from amounts of probe sets agreeing and disagreeing in the presence or 
absence of expression between two samples. 

4.4 RT-PCR (I, II, III) 

cDNA was synthesized from 1 μg of total RNA with AMV reverse transcriptase 
(Promega, Madison, WI, USA) according to the manufacturer’s instructions. The 
PCR reaction was carried out in a mixture containing 200 μM dNTP (Promega), 
300 nM primers, 2 mM MgCl2 and 2.6 U polymerase (Roche Molecular 
Biochemicals, Mannheim, Germany) in a total volume of 50 μl. The PCR reaction 
began with a 2-minute initial denaturation at 94 °C; then ten cycles of 
denaturation at 94 °C for 15 seconds, annealing at an appropriate temperature for 
30 seconds and an extension at 72 °C for 45 seconds. After the first ten cycles, the 
extension time was extended by 5 seconds per each cycle. Gene specific primers 
were used as described in (II, III). When nested PCR was necessary, it was 
performed similarly using 1 μl of the original PCR product as template.  

In part I of this work, a slight variation of RT-PCR, coupled one-step RT-PCR 
(Aatsinki 1997), was used. RT- and PCR-reactions were performed in the same 
reaction tube, at the final concentration of 1.3x Expand HF buffer, 0.8 mM dNTPs, 
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50 ng of both primers, 1 unit of AMV-RT (Promega, Madison, MI, USA) and 2.6 
units of Expand High Fidelity PCR system enzyme mix (Roche Molecular 
Biochemicals, Mannheim, Germany) in a total volume of 50 μl. The RT-reaction 
was carried out for 1 hour at 42 °C with a final 3 minutes at 95 °C to stop the 
reaction. Each PCR cycle consisted of 1 minute denaturing at 95 °C, annealing of 
2 minutes and extension of 10 minutes + 59 seconds/cycle at 72 °C. 

When semiquantitative RT-PCR was performed (II, III), an appropriate 
number of cycles was determined by taking aliquots of PCR product after a 
different number of cycles and running them on an agarose gel, and then selecting 
the cycle number still at the linear reaction phase. The amounts of PCR products 
were quantified by Scion Image software (Scion Corporation, Frederick, MA, 
USA) using β-actin as the control of the RNA amount. 

4.5 Real-time quantitative PCR (IV) 

cDNA was synthesized from 1 μg of total RNA using AMV reverse transcriptase 
(Promega, Madison, WI, USA), and real-time quantitative PCR (qPCR) reactions 
for galanin (GAL), pronociceptin (PNOC) and somatostatin receptor 1 (SSTR1) 
were performed with an ABI 7700 Sequence Detection System (Applied 
Biosystems, Foster City, CA, USA) using TaqMan® chemistry. The results were 
normalized to 18S RNA. Real-time qPCR for PNOC and PTPRZ was performed 
in a Light Cycler instrument (Roche, Meylan, France) with the Fast Start DNA 
Master SYBR Green I kit. The results of PNOC and PTPRZ1 were normalized to 
cyclophilin A mRNA. 

Amounts in native odontoblasts were selected as baseline and compared with 
the expression levels in odontoblast-like cells and cultured pulp cells. The 
amplifications were performed in triplicates. The specific primers were used as 
described in IV.  

4.6 Proteomics 

4.6.1 2-D electrophoresis and mass spectrometry (MS) (I) 

The 2-D gel electrophoresis and MS analyses were performed as earlier described 
by Ohlmeier et al. (2004) using proteins extracted from healthy and carious pulp 
tissue. Briefly, 100 μg of the protein extract was adjusted to the final volume of 
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400 μl with urea. Then the proteins were transferred into IPG strips (pH 3–10, 
non linear, 18 cm; Amersham Biosciences, Uppsala, Sweden) overnight by in-gel 
rehydration. IEF was carried out at 20 ºC with the Multiphor II system 
(Amersham Biosciences) under paraffin oil for 55 kVh (Buttner et al. 2001). 
Before the separation in the second dimension, the strips were equilibrated 
according to Görg et al. (1995). The electrophoresis was performed overnight in 
polyacrylamide gels with the Ettan DALT II system (Amersham Biosciences) at 
1–2 W per gel and 12 ºC. At least three 2-D gels were run for each sample. The 
gels were silver stained (Blum et al. 1987), and the protein pattern of healthy and 
carious tooth pulp tissue was analyzed with the 2-D gel image analysis software 
Melanie 3.0 (GeneBio, Geneva, Switzerland). For fluorescence labeling, 10 µg of 
protein was labeled with Cy3-dye and run according to the manufacturer’s 
protocol (CyDye DIGE Fluor Labelling Kit for Scarce Samples, Amersham 
Biosciences). 

For protein identification, selected spots were cut from the gel, digested in the 
gel, and the peptide fingerprints were analyzed with matrix-assisted laser-
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) as 
described earlier (Miinalainen et al. 2003). The identification of a protein was 
considered acceptable if the peptides (mass tolerance 20 ppm) covered at least 
30% of the complete sequence. A sequence coverage between 30% and 20% or a 
sequence coverage below 20% for protein fragments was only accepted if at least 
three main peaks of the mass spectrum matched with the sequence and the 
number of weak-intensity peaks was clearly reduced. 

4.6.2 Antibody array (III) 

Pools of culture medium of pulp tissues cultured +/- TGF-β1 for 24 h and 48 h 
were analyzed with the ProteoPlex 16-Well Human Cytokine Array Kit (Novagen, 
Nottingham, UK), which allows detection of IL-1α, -1β, -2, -4, -6, -7, -8, -10 and 
-12, as well as TNF-α, IFN-γ and GM-CSF, according to the manufacturer’s 
instructions. Two different dilutions were used to enable quantitative detection of 
all cytokines included on the array. Briefly, the samples were diluted into ratios of 
1:1 and 1:9 with 2x sample diluent, applied to the wells of array devices, and 
incubated for 1 h at room temperature with careful shaking. Then the arrays were 
washed with phosphate-buffered saline buffer containing 0.1% (vol/vol) Tween 
20 (PBST) and the antibody cocktail was added. Then the arrays were incubated 
as before and washed. Next, PBXL-3 was added and the arrays were incubated at 



 49 

room temperature protected from light for 1 h 30 min. Then they were rinsed with 
1x Rinse Solution and dried. The arrays were scanned and the raw data were 
analyzed by the manufacturer. The effects of TGF-β1 on cytokine protein 
amounts were calculated relative to control samples cultured without TGF-β1. 

4.7 Western blot (II) 

Western blot was used to confirm the differential matrilin 4 (MATN4) expression 
in native pulp tissue and odontoblasts. Protein (10 μg) extracted from pools of 
human native pulp tissue and odontoblasts as well as mouse bone, which is 
known to express high amounts of MATN4 (Klatt et al. 2001), was treated with 
2-mercaptoethanol for 3 minutes at 100 °C to achieve reducing conditions and run 
on a 12% sodium dodecyl sulphate-polyacryleamide gel (SDS-PAGE). The gel 
was stained with Coomassie Brilliant Blue to allow detection of albumin and 
scanned. The staining was removed by incubation in a solution containing 30% 
ethanol and 10% acetic acid. Next, the proteins were transferred to an Immobilon 
P membrane (Millipore Corp., Bedford, MA, USA), and the membrane was 
handled using ECL Western blot detection reagents and analysis system 
(Amersham Biosciences, Buckinghamshire, UK) according to the manufacturer’s 
instructions. The primary antibody used was rabbit polyclonal antibody against 
MATN4 (a kind gift from Dr. Raimund Wagener, Cologne, Germany) at a 1:500 
dilution at 20 °C overnight. Analyses was performed in triplicates. 

To enable the comparison of protein amounts between the samples, the 
membranes were stripped and reprobed with a monoclonal antibody against 
β-actin (Novus Biologicals, Littleton, CO, USA) at a 1:2000 dilution according to 
the instructions of ECL Western blot detection reagents (Amersham Biosciences). 

Scion Image software (Scion Corporation) was used to determine the 
intensities of stained albumin as well as immunoreactive MATN4 and β-actin 
bands, and relative MATN4 amounts against albumin and β-actin were calculated. 
MATN4/albumin and MATN4/β-actin ratios were normalized by giving the ratio 
in the mouse bone sample a value of 1. Means and standard deviations of three 
separate analyses were calculated.  

4.8 Immunofluorescence (IV) 

Cryostat sections (10 μm) were prepared as described previously (Allard et al. 
2000). Developing third molars were used for the analyses. Odontoblasts located 
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near the crown were mature, while odontoblasts located at the apical part of the 
developing root were newly differentiated. The sections were incubated with 
nociceptin (PNOC) or galanin (GAL) antibodies (dilution 1:500 and 1:100 
respectively, Chemicon, Temacula, CA, USA), SSTR1 antibody (dilution 1:100, 
Gramsch Laboratories, Schwabhausen, Germany) and cortistatin (CORT) 
antibody (dilution 1:100, Phoenix Pharmaceuticals Inc, Belmont, CA, USA). 
After rinsing, the sections were incubated with Alexa fluor 488 goat anti-rabbit 
IgG (Invitrogen), and the staining was detected by epifluorescence (Olympus 
BX50) microscopy. Negative controls were performed by omitting the primary 
antibody or by incubating sections with normal rabbit IgG. 
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5 Results 

5.1 The effects of caries on the expression profile of pulp tissue (I) 

The effects of caries on the gene expression profile and protein content of pulp 
tissue were studied with cDNA microarray and with 2-D electrophoresis 
combined with MS, respectively. 

5.1.1 The effects of caries on the mRNA profile of pulp tissue 

As detected with the cDNA microarray used, 396 (36.6%) genes gave a clearly 
positive signal in at least one of the healthy or the carious samples. Paired box 
protein 3 (PAX3) and phosholipase A2 (PLA2) gene expression levels decreased 
in the pulp tissue of carious teeth, while 12 genes, including placental growth 
factor (PlGF), teratoma-derived growth factor 1 (TDGF-1), delta-like protein 
(DLK), macrophage-stimulating protein (MSP), G protein-coupled receptor 
(EDG4), neurogranin (NGR), jagged homolog 2 (JAG2), embryonic 
growth/differentiation factor 1 (GDF-1), endothelin 2 (ET-2), oncostatin M 
(OSM), duffy blood group antigen (DARC), and stratifin (SFN), were 
upregulated in the pulp tissue of carious teeth. Plexin-related protein B3 (PLX B3) 
presented different expression patterns with a decrease in one of the carious 
samples and an increase in the other one. Variation between the expression 
changes in individual samples was observed.  

High intensities (over 5-times the background fluorescence) indicating 
probably high expression levels of several genes, including PlGF, PAX3, matrix 
metalloproteinase 13 (MMP-13), ubiquitin-conjugating enzyme-E2 (UCE-E2), 
interleukin 13 (IL-13), nerve growth factor-2 (NGF-2), TEK tyrosine kinase 
(TIE-2), tumor necrosis factor receptor-1 (TNFR-1), nuclear factor 90 (NF 90), 
transcription elongation factor SII (TEF-SII), and TDGF-1, were detected in the 
pulp tissues of both healthy and carious teeth. The detected intensities of UCE-E2, 
NGF-2, TNFR-1, NF-90 and TEF-SII varied markedly between the samples. 
Variation between the two hybridizations of the same sample was small. RT-PCR 
confirmed the expression of PAX3, PL A2, DLK and NGF-2. 
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5.1.2 The effects of caries on the protein profile 

After separation by 2-D electrophoresis, approximately 400 protein spots were 
detectable by silver staining of pooled samples and 600 by fluorescent staining of 
individual pulp samples. However, none of these proteins demonstrated a 
reproducible difference between the pulp of healthy and carious teeth (Fig. 3.).  
 

Fig. 3. Typical 2-D gels of healthy and carious pulp tissue. Approximately 600 protein 
spots were detected but no reproducible differences between the protein profiles of 
healthy and carious pulp tissue could be observed. 

From the 2-D gels, 96 proteins within 157 spots were identified by MS 
(http://www.biochem.oulu.fi/proteomics/teeth_gel.html). Several proteins were 
localized in multiple spots suggesting fragmentation or posttranslational 
modifications. One of the identified proteins was a hypothetical, protein (putative 
nucleoside diphosphate kinase, H_278C19.3), representing the first evidence for 
the existence of this protein. None of the proteins with a corresponding change at 
the mRNA level were detected. Probes for 12 of the genes encoding the identified 
proteins were present on the array used, but none of these genes had an intensity 
of at least five times the background fluorescence.  
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5.2 Repeatability of Affymetrix GeneChip arrays (II) 

To determine the repeatability of the Affymetrix microarrays, expression profile 
data of two healthy pulp samples acquired using the same microarray platform 
that was used for pulp tissue in this study (II, III) were downloaded from the GEO 
database under number GSE1629, and the similarities between positive probe sets 
were calculated. The comparison revealed a similarity of 88.2% between the 
expression profiles of the two samples downloaded from the GEO database and a 
similarity of 85.3% between the samples downloaded from the GEO database and 
our own pulp sample.  

5.3 The effects of TGF-β1 on the general expression profile of pulp 
tissue and odontoblasts (III) 

Microarray analysis of native and +/- TGF-β1 cultured pulp tissues and 
odontoblasts revealed that culturing in itself caused many changes in the gene 
expression profiles of pulp and odontoblasts (Table 4). Culturing for short periods 
(1 h and 5 h) caused slighter changes than culturing for longer periods (24 h and 
48 h) (Table 4). However, TGF-β1 caused notable up- or downregulation of many 
genes both in pulp tissue and in odontoblasts. The genes, whose expression was 
altered at least eight-fold (127 genes in pulp tissue and 122 genes in odontoblasts), 
could be distributed into several categories according to their biological function, 
including genes related to inflammation, transcription, apoptosis, signaling and 
signal transduction, metabolism, cell adhesion, cell cycle and proliferation, 
development, protein biosynthesis, modification and transfer, proteolysis, and 
different transport mechanisms.  

Table 4. Numbers of probe sets detecting over a four-fold expression change in pulp 
tissue and odontoblasts (Od) in response to culturing and TGF-β1. 

Culturing TGF-β1 Change 

1h 5h 24h 48h 1h 5h 24h 48h 

Increased in pulp 258 194 800 981 315 96 236 89 

Decreased in pulp 106 112 860 1003 148 49 50 129 

Increased in Od 545 NA 1080 NA 127 NA 178 NA 

Decreased in Od 887 NA 672 NA 96 NA 541 NA 

NA: Not analyzed         
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dChip analysis revealed that 1 h and 5 h TGF-β1 treatment (short-term culturing) 
caused similar changes in the expression profiles of pulp tissues, while the 
expression profiles of pulp tissues cultured for 24 h and 48 h (long-term culturing) 
differed more from each other and from the earlier time points. Significant 
(p<0.002) changes were observed in 19 GO categories (a total of 249 genes) after 
short-term culturing, and in five GO categories (97 genes) after long-term 
culturing.  

dChip analysis revealed that gene expression changes caused by TGF-β1 in 
odontoblasts cultured for 1 h and 24 h were very different. Regardless of the 
expression changes of individual genes, no categories were significantly changed 
in response to TGF-β1 treatment at both time points. 

5.4 Interleukin profile of pulp tissue and odontoblasts (I, III) 

5.4.1 Interleukin profile of native pulp tissue  

Probes for 17 ILs , including IL-1α, -1β, -2, -4, -5, -6, -7, -8, -9, -10, -11, -12α,  
-12β, 13, 14, -15 and -16, were included in the cDNA microarray used to study 
pulp tissue of native intact and carious teeth. Only IL-6 and -13 gave positive 
signal, and of these, only IL-13 was strongly expressed (detection over 5-times 
the background) (Table 5). (I) 

The Affymetrix GeneChip array used to study native and +/- TGF-β1 treated 
pulp tissues included probes for 24 different ILs, and IL-7, -12α and -16 mRNAs 
were detected in native pulp tissue (Table 5). The expression of these three ILs 
was also confirmed by RT-PCR. (III) 

Table 5. Detection of interleukins in native healthy and carious pulp tissue by cDNA 
microarray and oligonucleotide-based DNA microarray (I, III). 

cDNA microarray (I) Oligonucleotide microarray (III) Interleukin 

healthy/carious healthy 

Il-6 +/+ - 

IL-7 -/- + 

IL-12α -/- + 

Il-13 +/+ - 

Il-16 -/- + 

-: expression not detected, +: expression detected 
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5.4.2 Effects of TGF-β1 on the interleukin expression profile of pulp 
tissue (III) 

TGF-β1 caused at least a 2-fold increase in the expression of IL-1α, -1β, -6, -8 
and -11 after 1 h and 5 h of culturing, while IL-16 and -23α expression was 
upregulated at the later time points. By antibody array, IL-1α, -1β, -2, -4, -6, -7, -8, 
-10, and -12 proteins were detected in the culture medium of pulp tissues cultured 
for 24 h and 48 h at at least one time point (Table 6). Protein levels of IL-6 and -8 
were markedly higher than other cytokine levels detected. TGF-β1 caused at least 
a 2-fold increase in proinflammatory IL-1α, -1β, -2, -6, -7, and -12 proteins. No 
marked changes were detected in the expression of anti-inflammatory IL-4 or -10 
proteins. IL-4 showed no change at 24 h and a 1.4-times increase at 48 h, while 
IL-10 was increased 1.8-fold at 24h and decreased 1.3-fold at 48h. 

Table 6. Detection of interleukins in cultured pulp tissue by DNA microarray and 
antibody array (III). 

DNA microarray Antibody array 

Cultured control  Cultured TGF-β1 Cultured control Cultured TGF- β1 

Interleukin 

1h 5h 24h 48h  1h 5h 24h 48h 24h 48h 24h 48h 

IL-1α - - - -  + + - + + + + + 

IL-1β - + - -  + + - - + + + + 

IL-2 - - - -  - - - - - - + - 

IL-4 - - - -  - - - - + + + + 

IL-6 - - + +  + + + + ++ ++ ++ ++ 

IL-7 + + + +  + + - - - - + + 

IL-8 + - + +  + + + + ++ ++ ++ ++ 

IL-10 - - - -  - - - - + + + + 

IL-11 - - + +  + + + + NA NA NA NA 

IL-12α - - + -  + + - - + - + + 

IL-16 + + + -  + + + - NA NA NA NA 

IL-23α + - + +  - - + + NA NA NA NA 

IL-24 - - - +  - - - - NA  NA NA NA 

- :expression not detected, + :expression detected, ++ :very high expression detected by antibody array 

NA: not analyzed 
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5.4.3 Interleukin profile of native odontoblasts (III) 

IL-6 and 7 were detected in native and all cultured odontoblast samples by 
microarray analysis, and the presence of the mRNAs in native odontoblasts was 
confirmed by semiquantitative RT-PCR.  

5.4.4 Effect of TGF-β1 on the interleukin expression profile of 
odontoblasts (III) 

IL-1β mRNA was detected in odontoblasts cultured both with and without 
TGF-β1 for 24 h, while IL-8 mRNA was detected in odontoblasts cultured with 
TGF-β1 for 1 h and 24 h and also in the control sample cultured for 1 h.  

IL-8 was the only IL with at least a 2-fold change in response to TGF-β1 
treatment, with over an 20-fold increase after 1 h and a 2.8-fold decrease after 
24 h. Semiquantitative RT-PCR confirmed IL-8 upregulation after 1 h culturing 
with TGF-β1, while no clear difference in IL-8 mRNA levels could be detected 
between samples cultured with and without TGF-β1 for 24 h. 

5.5 Differences between the general expression profiles of native 
pulp tissue and odontoblasts (II) 

Comparison of microarray data of native pulp tissue and odontoblasts revealed 
9719 positive probe sets (43.7% of the total number of probe sets in the 
microarray used for pulp sample) both in pulp tissue and odontoblasts. In addition, 
the analyses revealed 1595 positive probe sets (7.2% of the total number of probe 
sets) in pulp but not in odontoblasts, and 904 positive probe sets (4.1%) only in 
odontoblasts. Probe sets detecting gene expression only in pulp tissue or in 
odontoblasts could be divided into several GO categories, including cell 
differentiation, ECM organization and biogenesis, apoptosis, cell adhesion, cell-
cell signaling, etc. The distribution of positive probe sets into the GO categories 
was very similar between pulp tissue and odontoblasts.  



 57 

5.6 Potential odontoblast markers (II, III) 

5.6.1 Matrilin 4 and collagen type XI α1 

Only two ECM organization and biogenesis related genes, MATN4 and 
COL11A1, were detected in native odontoblasts but not in native pulp tissue by 
microarray. Analysis of the expression profiles of two native pulp samples stored 
in the GEO database under number GSE1629 revealed COL11A1 expression but 
no MATN4 expression. RT-PCR and Western blot confirmed MATN4 expression 
only in odontoblasts at the mRNA and protein levels, respectively. Culturing pulp 
tissue for 48 h with TGF-β1 induced MATN4 expression (Table 7). RT-PCR also 
showed the expression of the 354-bp COL11A1 splicing variant in odontoblasts. 
However, in pulp tissue the expression of 354-bp and 608-bp variants of 
COL11A1 was observed. Relative comparison to β-actin revealed that the amount 
of the 354-bp variant expressed in both pulp tissue and odontoblasts was in pulp 
tissue only approximately one third of the amount observed in odontoblasts.  

5.6.2 Expressed sequence tags (EST) 

Microarray revealed 16 expressed sequence taqs (EST) and other unclassified 
transcripts in native odontoblasts but not in native or cultured pulp tissue (Table 
7). Two of these 16 transcripts were consistently expressed in all studied native 
and cultured odontoblast samples.  

5.6.3 Dentin sialophosphoprotein (DSPP) 

Dentin sialophosphoprotein (DSPP), traditionally considered to be odontoblast-
specific, was detected in both native odontoblasts and native pulp tissue as well as 
in cultured odontoblasts and pulp tissue with microarray (Table 7).  
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Table 7. The detection of possible new odontoblast markers and DSPP by microarray 
in native and cultured odontoblasts and pulp tissue 

Native Od 1h cultured Od 24h cultured Od Pulp tissue mRNA 

 Control TGF-β1 Control TGF-β1  

MATN4 + – – – – 48h +TGF 

AA071454 + + + – – – 

AA521034 + + + + – – 

AA601208 + + + + + – 

AB020695 + + + – + – 

AF052117 + – – – – – 

AF070571 + + + – – – 

AI740515 + + + + + – 

AK021987 + + + – – – 

AK025194 + – – – – – 

AL049278 + + + – – – 

AL049280 + + – – – – 

AL050043 + – – + – – 

AL109705 + – – – + – 

AW969803 + + + – – – 

L34409 + – – – – – 

U79300 + + + – – – 

DSPP + + + + + every sample 

+ indicates detected expression, – indicates that expression was not detected. 

5.7 Comparison of the general expression profiles of mature native 
odontoblasts and newly differentiated cultured odontoblast-like 
cells (IV) 

Microarray analysis of mature native odontoblasts and newly differentiated 
cultured odontoblast-like cells revealed 17106 positive probe sets (31.3% of the 
total number of probe sets) in both native and cultured samples (Fig. 4.). In 
addition, the analysis revealed 3714 (6.7%) probe sets detecting expression only 
in mature native odontoblasts and 4937 probe sets (8.9%) only in cultured 
odontoblast-like cells. The distribution of probe sets positive only in one of the 
samples in the GO categories was very similar between the samples. An over two-
fold difference in the amounts of positive probe sets was observed in only three 
categories, including cell cycle, cell growth, which held more probe sets in 
cultured sample, and detection of stimulus that was more abundant in native 
odontoblasts. 
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Fig. 4. Venn diagram showing the numbers of probe sets detecting gene expression 
either in native or in cultured odontoblasts (Od) or in both (overlapping circles). 
Percentages indicate numbers of positive probe sets of the total amount of the probe 
sets. 

5.7.1 Expression of selected neuronal proteins in mature and newly 
differentiated odontoblasts 

CORT and PTPRZ1 mRNAs were detected in both mature native and cultured 
newly differentiated odontoblasts using microarray and qPCR (Table 8). CORT 
and PTPRZ1 expression levels detected with qPCR were slightly lower in 
cultured odontoblasts than in native odontoblasts. By microarray SSTR1 and 
GAL mRNAs were detected in native odontoblasts but not in cultured 
odontoblasts (Table 8). By qPCR they were detected in both samples; however, 
SSTR1 and GAL expression levels were markedly higher in native odontoblasts 
than in cultured odontoblasts. Microarray showed PNOC expression in cultured 
odontoblasts but not in native odontoblasts (Table 8). With qPCR, PNOC was 
detected in both samples, but PNOC mRNA levels were markedly higher in 
cultured than in native odontoblasts.  
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Table 8. Detection of CORT, PTPRZ1, SSTR1, GAL and PNOC mRNA in mature native 
and cultured newly differentiated odontoblasts. 

mRNA Microarray qPCR 

 mature/newly differentiated mature/newly differentiated 

CORT +/+ +/+ 

GAL +/- +/+ 

SSTR1 +/- +/+ 

PTPRZ1 +/+ +/+ 

PNOC -/+ +/+ 

-: expression not detected, +: expression detected 

Immunofluorescent analysis of developing tooth revealed CORT protein in newly 
differentiated native odontoblasts close to the apical part of the developing root 
and in mature odontoblasts located at the crown. GAL was moderately present in 
young odontoblasts and highly expressed in mature odontoblasts. Moderate 
PNOC staining was detected in young odontoblasts and a lower PNOC level in 
mature odontoblasts, with accumulation at the terminal web and odontoblast 
processes. SSTR1 staining was not observed in young odontoblasts, but in mature 
odontoblasts moderate staining was detected. 
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6 Discussion 

In recent years DNA microarray and other high-throughput expression analysis 
methods have become widespread in biomedicine. However, the use of these 
methods in pulp biological research has been very limited. At the mRNA level, 
the DNA microarray is the most powerful screening tool currently available. 

DNA microarray experiments have several sources of inaccuracy and 
inconsistencies, ranging from technical errors and variable experimental settings 
to biological variation. However, good intra- and inter-platform reproducibility 
between expression measurements performed in different laboratories has been 
reported by the MAQC project (MAQC Consortium et al. 2006, Canales et al. 
2006). Also, the high reproducibility of Affymetrix GeneChip arrays has been 
shown previously (Lockhart et al. 1996). Microarray data of healthy native pulp 
tissue were compared with the expression profile data of two healthy pulp 
samples acquired using the same Affymetrix HGU133A microarray and 
downloaded from the GEO database (II). This demonstrated high similarity 
considering that the microarray analyses were performed using independent 
human samples in separate laboratories. Thus, the high repeatability of 
Affymetrix microarrays, even between different laboratories, was indicated also 
for human pulp samples. A slight variation in the results can be caused even by 
different personnel, who are handling identical samples while using the same 
methodology and the same equipment (J. Vuoristo, personal communication). 

Sample pooling is sometimes used in microarray experiments to reduce the 
effect of biological variation and also to generate sufficient RNA amounts when 
the available sample is restricted. Pooling has been suggested as an error source in 
microarray experiments (Shih et al. 2004). However, there is evidence that 
identification of most of the differentially expressed genes is not affected by 
pooling (Kendziorski et al. 2005, Mary-Huard et al. 2007). All the samples used 
in parts I–IV of this study were pooled, but since mRNA amounts acquired from 
pulp tissue and especially from the odontoblasts of one human third molar are 
very limited and biological variation between the teeth is high, the sample pooling 
was deemed beneficial. 

DNA microarray does not directly measure gene expression but signal 
intensity. Thus, the quality of probes significantly affects results, and they must be 
carefully designed. In Affymetrix GeneChip arrays, multiple probes are designed 
to bind in the proximity of the 3' end of the transcripts. Thus, detection of 
isoforms truncated from 3' end is impossible. Recently, arrays in which probes 
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cover the whole length of the target sequence (e.g. Affymetrix exon arrays) have 
been developed to circumvent this problem (Abdueva et al. 2007). An assumption 
has been made that the mRNA amounts in cells represent the degree of 
transcription of these genes. This is not always true, since transcription and 
transcript stability are controlled at many levels, affecting the detected mRNA 
levels.  

One of the most important factors in a microarray experiment is the data 
analysis. For that, several different analysis software using different statistical 
tests have been developed. However, a recent report indicates that differentially 
expressed genes can be reliably identified by fold-change ranking instead of 
relying on statistical significance (MAQC Consortium et al. 2006, Canales et al. 
2006). On the other hand, much biologically relevant information can be 
extracted from raw microarray data, e.g. by using software designed to find 
functionally connected gene groups. For example, in part III of this study, dChip 
analysis showed a highly significant change in the category of genes related to 
chemokine and cytokine activity, while closer analysis of the fold-changes 
revealed that the expression of individual cytokines was altered.  

6.1 Suitability of large-scale screening methods in pulp-biological 
research  

Since the use of large-scale expression screening in pulp biology has been limited, 
its suitability for in vivo and in vitro pulp biological studies was investigated. 

6.1.1 In vivo analysis of the transcriptome and proteome  

The suitability of large-scale screening methods, cDNA microarray and 2-D 
electrophoresis, for in vivo research of pulp biology was evaluated by comparison 
of the mRNA and protein profiles of pulp tissue of healthy and carious teeth with 
these methods. cDNA microarray revealed only a few very slight differences at 
the mRNA level and variation between the samples, while with 2-D 
electrophoresis no reproducible differences in the protein profiles could be 
detected. None of the proteins encoded by the differentially or highly expressed 
genes were identified at the protein level; instead, 96 other proteins were detected. 
These differences between the observed transcriptome and proteome may reflect 
problems caused by both the samples and methods used. Only teeth with small or 
moderate caries were used, and thus the pulps of the carious teeth used contained 
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a great amount of healthy tissue (Fig. 5.) that may have diluted the differences. 
Also, the ability of 2-D electrophoresis to detect rare or hydrophobic proteins is 
restricted (Zhu et al. 2003). Additionally, the cDNA microarray used was able to 
detect only a small portion of the transcriptome. It is probable that more gene 
expression differences would have been detected by using a microarray platform 
detecting a larger set of transcripts.  

McLachlan et al. (2005) performed a similar analysis of differences between 
healthy and carious pulp tissues detecting various gene expression differences, 
most notably genes related to the immune and inflammatory response. However, 
since their samples contained teeth with deep lesions, and thus with extensive 
pulpal inflammation, the detected expression profile most likely represents 
inflammatory cells (Fig. 5.). In contrast, the expression differences between 
healthy and carious tissue detected in part I of this study probably represented 
dental pulp and not a general inflammatory reaction. A strong pulpal 
inflammation in the carious samples would have been reflected by upregulation of 
inflammatory cytokines, e.g. the 17 ILs (IL-1α, -1β, -2, -4, -5, -6, -7, -8, -9, -10,  
-11, -12α, -12β -13, -14, -15 and -16) detectable with the cDNA microarray used. 
Of these interleukins, only anti-inflammatory IL-13 was strongly expressed. 
However, the IL-13 expression was equal in healthy and carious teeth pulp. 
Therefore, it can be concluded that the carious pulp samples used in this study 
specifically represented pulp cells.  

Fig. 5. Schematic figure showing differences between the teeth with small or moderate 
caries used in part I of this study and the teeth with deep carious lesions used by 
McLachlan et al. (2005) 
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The collection of sufficient numbers of human teeth for in vivo analyses, 
especially carious teeth with similar caries in respect to lesion progression and 
activity, is difficult and time-consuming. On the other hand, in recent years 
several methods, e.g. laser-capture microscopy, enabling the selection of only the 
affected portion of sample (Fig. 5.) have emerged. Additionally, microarray 
methodology has been developed enabling the use of smaller sample amounts. 
Another problem, arising from the samples used in the study, is the variability 
between the individual teeth caused by genetic and environmental factors. cDNA 
microarray in part I of this study revealed differences between the two individual 
samples, while the two hybridizations of the same sample were similar. This 
indicated a varying gene expression pattern between the individual teeth. Thus, 
the suitability of the large-scale expression screening methods for in vivo pulp 
biological studies seems to be poor.  

6.1.2 In vitro analysis of the transcriptome and proteome 

Culturing of pulp tissues and odontoblasts +/- TGF-β1, which is an important 
regulator of defense mechanisms of the dentin-pulp complex (Smith 2003), 
enabled the study of the potential of large-scale expression analysis in pulp 
biology in vitro. Since the samples were handled in strictly regulated conditions, 
environmental causes for differences were eliminated. DNA microarray analysis 
with oligonucleotide arrays (Affymetrix) revealed notable up- or downregulation 
of hundreds of genes both in pulp tissue and in odontoblasts in response to 
TGF-β1. The more specific effects of TGF-β1 on the gene expression of cytokines 
are discussed below. Large expression changes, in response to TGF-β1 in relation 
to the changes caused by caries, were probably caused by the whole extent of the 
cultured pulp tissues being affected by TGF-β1, while in pulp tissues of carious 
teeth only a small amount of tissue was diseased. In recent years, several analyses 
of the effects of TGF-β on the transcriptome of various tissues and cultured cell 
types have been performed using microarray (Ranganathan et al. 2007, Kirwan et 
al. 2005, Xie et al. 2003, Kloth et al. 2005). All of these studies demonstrated a 
large number of genes with altered expression in response to TGF-β treatment. As 
expected, however, these studies report different profiles in response to TGF-β 
treatment in different cells and tissues, since TGF-βs have pleiotropic effects on 
e.g. proliferation, differentiation, migration and survival of cells, and thus affect 
multiple biological processes (Blobe et al. 2000). The effects of TGF-β1 on 
osteoblast cell line MC3T3-E1 have been studied previously (Kahai et al. 2004), 
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but the expression changes detected were very different from the changes detected 
in part III of this study, e.g. in osteoblasts, no increase in IL expression was 
reported. Thus, no conclusions concerning dentin-pulp complex cells can be 
drawn by extrapolation of results from other tissues to pulp tissue or odontoblasts. 
The gene expression changes of a selected gene group, ILs (discussed below in 
section 6.5), detected by microarray were successfully confirmed at the protein 
level using antibody array. Thus, large-scale screening seems more suitable for in 
vitro than in vivo pulp biology research.  

6.2 Comparison of microarray with other large-scale transcription 
screening methods used in pulp biology 

The use of large-scale transcription analysis methods in pulp biology has been 
very limited. SSH has been used to screen for odontoblast-specific genes in rat 
and human (Buchaille et al. 2000, Dey et al. 2001). These analyses yielded a 
considerably scarcer amount of differentially expressed genes than detected by 
microarray in this study (II). This was probably due to the differences between the 
used methods, even considering that in this study the number of differentially 
detected probe sets, not actual transcripts, were calculated. Nonetheless, SSH has 
some advantages over microarray. Firstly, it does not require any prior analysis 
knowledge of the expression profile that is required when selecting probes for the 
microarray. This advantage may no longer be as valid as previously, since several 
commercial DNA microarrays include virtually every transcript encoded by the 
human genome. The second advantage of SSH is that, unlike the microarray, it 
does not require special equipment. On the other hand, performing SSH analysis 
requires much more laboratory work in comparison with the microarray, and may 
thus be more prone to methodological errors. 

6.3 The effect of caries on the expression profile of pulp tissue 

Bacterial invasion is the main cause of caries. The response to caries may depend 
on microbial flora, caries activity, or the type of tooth (e.g. young or old). 
Basically, a local defensive reaction is initiated already in the early stages of 
caries with dentin tubule occlusion and formation of reactionary dentin by 
primary odontoblasts, accompanied by a localized reaction seen as the 
accumulation of pulpal fibroblasts under the odontoblast layer and a low-grade 
inflammatory reaction (Brannstrom & Lind 1965, Bjorndal et al. 1998). If the 
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bacterial invasion continues, a more intense defense reaction occurs, observed as 
reparative dentin formation by odontoblast-like cells or replacement odontoblasts 
and more intense inflammatory reaction (Smith 2003, Trowbridge 2002). If the 
bacterial irritation overrides the defensive reaction, widespread inflammation and 
necrosis occurs. Therefore, the state of caries may have a significant effect on the 
outcome when evaluating the pulpal response, including the large-scale screening 
methods used here. The decision to include only teeth with small and medium-
sized caries lesions was based on an attempt to avoid pulp tissue with wide-spread 
inflammation; the samples from these teeth better represent the pulp-specific 
response, instead of the overall inflammatory response. It should be therefore 
realized that the results, at best, represent one phase of the continuum of the 
inflammatory pulpal response to caries. 

6.3.1 The effect of caries on the transcriptome of pulp tissue 

Differential expression of several genes between the pulp tissue of healthy and 
carious teeth was detected. In addition, several genes with previously unknown 
high expression in pulp tissue were detected. These highly or differentially 
expressed genes participate in one or several biological processes that happen in 
carious pulp, including growth and differentiation of cells, angiogenesis, nerve 
growth and inflammatory response. 

Genes with an effect on cell differentiation 

During caries, pulp cells are attracted to the injury site and differentiate into 
odontoblasts or odontoblast-like cells, in a process involving e.g. Notch signaling 
(Mitsiadis & Rahiotis 2004). Two Notch ligands, JAG2 and DLK, were up-
regulated in carious samples (I). The Notch pathway is an evolutionarily 
conserved signaling pathway, and mutations in its components disrupt cell fate 
specification and embryonic development (Artavanis-Tsakonas et al. 1999). Five 
genes encoding ligands for the Notch receptors have been found in mammals: 
Jagged 1 and Jagged 2 (JAG1 and -2,) and Delta-like 1 and Delta-like 3 
(DLL1, -3 and -4). JAG2 and DLL are involved in cell fate specification of 
tissues, which depends on epithelial-mesenchymal interactions, including 
odontogenesis (Valsecchi et al. 1997, Mitsiadis et al. 1998). Notch signaling is 
typically restricted to prenatal tissues; however, reactivation of Notch expression 
has been detected in rat pulp after experimental pulp exposure (Mitsiadis et al. 
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1999). The activation of the Notch pathway is thought to ensure the supply for 
progenitor cells capable of differentiation into replacement odontoblasts 
(Mitsiadis et al. 1999, Mitsiadis et al. 2003). Notch signaling through JAG1-
ligand has been shown to inhibit odontoblast differentiation (Zhang et al. 
2008).The detection of upregulation of Notch ligands JAG2 and DLK in carious 
pulp in part I of this study confirms the previous findings of induced Notch 
signaling under caries lesions and experimental cavity preparations (Mitsiadis et 
al. 1999, Mitsiadis et al. 2003, Lovschall et al. 2005).  

Placental growth factor 

A high PlGF expression level was detected both in healthy and carious teeth pulp 
with upregulation in response to caries (I). PlGF is a member of the vascular 
endothelial growth factor (VEGF) family and significantly potentiates VEGF 
function (Park et al. 1994). Pulp fibroblasts have recently been indicated to play 
an important role in pulp angiogenesis by secreting VEGF and fibroblast growth 
factor 2 (FGF-2) (Tran-Hung et al. 2006). Interestingly, a small VEGF 
downregulation in teeth with irreversible pulpitis has been observed (Artese et al. 
2002), while in part I of this study the great upregulation of PlGF gene expression 
was observed in carious pulp samples. Thus, PlGF may be an important 
regulatory factor in both healthy and carious teeth pulp tissue. 

Matrix metalloproteinase 13 

High MMP-13 gene expression was detected in the pulp tissue of both healthy 
and carious teeth by cDNA microarray (I). MMP-13 degrades all fibrillar 
collagens, but is most potent against type II collagen, and also several other ECM 
molecules, including types IV, IX, X, and XIV collagens; fibronectin; and 
tenascin-C (Knauper et al. 1997). Overall in normal adult tissues, the expression 
of MMP-13 is low or non-existent (Freije et al. 1994, Brinckerhoff et al. 2000, 
Leeman et al. 2002). Thus, high and equal expression in healthy and carious teeth 
pulp tissue suggests that MMP-13 has an important role in ECM turnover in pulp 
tissue. 
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6.3.2 The effect of caries on the proteome of pulp tissue 

2-D gel electrophoresis and MS revealed the identities of 96 proteins in the 
healthy pulp tissue, but no consistent differences between healthy and diseased 
pulp tissues could be detected. Searching the SWISS-PROT 
(http://www.ebi.ac.uk/swissprot/) database revealed that the majority of proteins 
encoded by these genes are secreted (e.g. gene products of OSM, ET-2, GDF-1, 
TNF-R1, NGF-2, IL-13, MMP-13). Due to the limited protein amount, the 2-D 
analyses focused mainly on the whole proteome of the pulp tissue. Therefore, 
only a limited number of proteins from the different intra- and extracellular 
fractions (e.g. secreted proteins) might be detectable in the 2-D gel. On the other 
hand, several of these proteins are integral membrane proteins (PlGF, EDG4, 
DARC) with known low solubility. The ability of 2-D gel electrophoresis to 
separate hydrophobic membrane proteins is limited, which may explain the 
missing identification of these gene products. Therefore, it is possible that the 
differential mRNA expression detected using cDNA microarray is also reflected 
at the protein level.  

Novel protein detected in pulp tissue 

The 2-D electrophoresis revealed the presence of putative nucleoside diphosphate 
(NDP) kinase (H_278C19.3), whose function in cells is unknown. The NDP 
kinases are a large family of structurally and functionally conserved proteins that 
generally catalyze the transfer of γ-phosphates between nucleoside tri- and 
diphosphates (Lascu & Gonin 2000). There is also evidence suggesting that in 
addition to their basic enzymatic activity, NDP kinases might have other functions 
related to signal transduction, cell growth and differentiation, embryonic 
development, tumor progression, metastasis and apoptosis (Hartsough & Steeg 
2000, Kimura et al. 2000, Lacombe et al. 2000). The exact location and the role 
of putative NDP kinase (H_278C19.3) in pulp tissue remain unclear and would 
require further analysis.  

6.4 The effects of TGF-β1 on the general expression profile of pulp 
tissue and odontoblasts 

Various growth factors, including IGF-I and -II, BMPs and several angiogenic 
growth factors (Finkelman et al. 1990, Roberts-Clark & Smith 2000, Bessho et al. 
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1991), have been detected in dentin, but TGF-β1 is the most extensively studied 
growth factor in the dentin–pulp complex. It has been indicated in the regulation 
of tooth development and dentin ECM production (Begue-Kirn et al. 1992, Sloan 
& Smith 1999). TGF-β isoforms 1, 2 and 3 are produced by odontoblasts of 
mature human teeth (Sloan et al. 2000) and become sequestered in the dentin 
(Finkelman et al. 1990, Cassidy et al. 1997). TGF-β has been shown to stimulate 
odontoblast differentiation and reparative dentinogenesis. It has also been 
speculated to function in the regulation of pulp inflammatory reactions (Smith 
2003). Upon dentinal damage (such as caries), dentin-bound TGF-β1 is believed 
to be released and to act as a stimulatory factor for odontoblast-like cell 
differentiation and extracellular matrix synthesis, resulting in reparative or 
reactionary dentin formation (Tziafas et al. 2000). The effects of TGF-β on cells 
are largely carried out by the phosphorylation of mothers against decapentaplegic 
homolog 2/3 (SMAD 2/3) by the activated TGF-β type I receptor (TGFBRI) (Shi 
& Massague 2003). Several TGF-β-related genes, including TGFBRI, SMAD2, 
SMAD4 and ectopic viral integration site 1 (EVI1), are expressed in odontoblasts 
(Sloan et al. 2000, Lucchini et al. 2002, McLachlan et al. 2003, Durand et al. 
2007, Hwang et al. 2008). 

TGF-β1 treatment caused considerable changes in the gene expression 
profiles of both pulp tissue and odontoblasts. Very high, over 8-fold, changes 
were detected in 127 genes in pulp and 122 in odontoblasts. In addition, mere 
culturing itself caused notable expression changes, probably reflecting 
environmental changes caused by extraction of the tissues and the presence of 
growth factors and other substances in the culture media. In the samples cultured 
for 1 h and 5 h, representing the early response to TGF-β1 exposure, several 
cytokine-related GO categories (e.g. chemokine activity, chemotaxis, cytokine 
activity and inflammatory response) were among the most significantly altered 
categories. This indicates that TGF-β1 is, along with or instead of bacterial 
products, an important regulator of at least the initial pulpal inflammation. This is 
supported by the demonstration of localized inflammatory reaction under shallow 
carious lesions (Bergenholtz 2000) and the proinflammatory effect of TGF-β1 in 
in vitro experiments using the dentin-pulp complex slice culturing method (Farges 
et al. 2003). Interestingly, analysis of odontoblast samples did not reveal any GO 
categories with significant changes in response to TGF-β1 treatment at both the 1 
h and 24 h time points. This is probably due to the long time period between the 
culturing times, 1 h and 24 h. Odontoblast response to short and long-term 
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culturing may be differential. Since at least five samples are required for reliable 
dChip analysis, independent analysis of culture times was impossible.  

6.5 Cytokine profile of pulp tissue and odontoblasts 

The expression of many inflammation and immune system related genes is 
elevated in pulp tissue during caries (Zehnder et al. 2003, McLachlan et al. 2004). 
TGF-β1 induces the accumulation of dendritic cells into the odontoblast layer 
indicating that TGF-β1 plays a role in the immune response of dental pulp (Farges 
et al. 2003). Because of the important and complex role of cytokines in the 
regulation of healthy tissue and inflammatory reactions, they were selected for 
detailed analysis as a model for the large-scale gene and protein expression 
analysis in pulp biological experiments. Several genes encoding inflammatory 
cytokines demonstrated interesting expression patterns; in particular the 
expression of several ILs was transiently elevated after TGF-β1 treatment of pulp 
tissue.  

6.5.1 Interleukin profile of pulp tissue 

In part III of this study, the gene expression of three proinflammatory cytokines, 
IL-7, -12α and -16, was detected in native pulp tissue. IL-7 is known to act as a 
growth factor for B- and T-lymphocytes (Feghali & Wright 1997), while IL-12 
has been shown to enhance cytotoxic T cells as well as increase NK cell 
proliferation (Feghali & Wright 1997), and IL-16 is a chemoattractant for T cells, 
eosinophils, monocytes and dendritic cells (Cruikshank & Center 1982, Rand et 
al. 1991, Kaser et al. 1999, Cruikshank et al. 1987). The mRNA of anti-
inflammatory IL-13 was detected both in native intact and carious pulp tissue in 
part I of this study. However, in part III it was not observed either in native intact 
or in +/- TGF-β1 cultured pulp tissue (detection p-value over 0.1 in each sample). 
This inconsistency between the results is possibly due to different probe 
sequences on the arrays used. Also, since the result was not confirmed with any 
other method, it is possible that it represents a false positive finding. 

After TGF-β1 treatment, proinflammatory cytokines IL-1α, -1β, -6, -8, 
 -11, -16 and -23α all were transiently elevated, at least 2-fold, at the mRNA level, 
and IL-1α, -1β and -6 also at the protein level. However, the increase in IL-8 
expression observed at the mRNA level was not detected at the protein level, 
possibly indicating downregulation of IL-8 at the protein level or downregulation 
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of IL-8 secretion. The differential cytokine response, at the mRNA and protein 
levels, to treatment with other cytokines has been reported previously, e.g. 
induction of TGF-β protein with no change in mRNA amounts in IL-2-treated 
macrophages (Nelson et al. 1994). Induced IL-8 expression in cultured pulp cells 
in response to nitric oxide treatment has been reported (Min et al. 2008). The 
much higher IL-6 and -8 amounts compared with the levels of other ILs included 
on the antibody array most likely indicated the importance of IL-6 and -8 in 
triggering the immune response of pulp tissue.  

All these ILs play important roles in chemotaxis and lymphocyte stimulation 
(Feghali & Wright 1997, Oppmann et al. 2000, Cruikshank et al. 1994). Lack of 
IL-6 has been shown to enhance periapical lesion development, thus indicating 
the importance of IL-6 in pulp immune defense (Huang et al. 2001). IL-6 
expression by human pulp fibroblasts is induced by proinflammatory cytokines 
IL-1α and TNF-α (Yang et al. 2003b, Lin et al. 2002) suggesting that these 
proinflammatory cytokines are involved in the pathogenesis of pulpitis. IL-2, a 
growth factor/activator for T cells, NK cells and B cells, has earlier been observed 
both in healthy and inflamed pulp tissue (Anderson et al. 2002, Bletsa et al. 2006), 
but in parts I and III of this study no IL-2 mRNA was detected using microarray 
analysis. After TGF-β1 treatment, elevated amounts of proinflammatory IL-2, -7 
and -12 were detected at the protein level but not at the mRNA level, possibly 
reflecting a low mRNA expression level of IL-2 (detection p-values over 0.2) 
falling under the detection level of the microarray used, and upregulation of IL-7 
and -12 at the protein level.  

Anti-inflammatory IL-4 and -10 have been earlier shown to be present in 
inflamed pulp tissue (Hahn et al. 2000), but in this study (I, III) neither of them 
was detected at the mRNA level, nor were any changes in their protein expression 
observed after TGF-β1 treatment. Since TGF-β1 treatment clearly induced the 
gene and protein expression of the proinflammatory cytokines, but caused no 
changes in the level of anti-inflammatory cytokines, it can be concluded that 
TGF-β1 had predominantly proinflammatory effects on the dentin-pulp complex. 
TGF-β1 is known to be proinflammatory during the initial stages of pulpal 
inflammation and to function in recruiting immunocompetent cells (Farges et al. 
2003). At the later stages of inflammation, TGF-β1 has anti-inflammatory effects 
through the suppression of lymphocyte proliferation and the activation of 
dendritic cells and macrophages (D’Souza et al. 1998). The tissue culture periods 
used (maximum of 48 h) may have been too short for the anti-inflammatory 
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effects of TGF-β1 to appear. Another possibility is that inflammatory cells, which 
are not present in the tissue cultures, mediate these effects in vivo.  

6.5.2 Interleukin profile of odontoblasts 

A smaller number of interleukins was detected in odontoblasts than in pulp tissue, 
probably since the odontoblast layer consists of one cell type while pulp tissue 
contains various different cell types, or since odontoblasts are highly specialized 
cells. Most cell types are able to produce various cytokines when simulated by 
diverse factors (Oppenheim & Feldmann 2003).  

In native odontoblasts, the gene expression of only two ILs, IL-6 and -7, both 
proinflammatory cytokines with functions in growth and stimulation of 
lymphocytes (Feghali & Wright 1997), was detected. While IL-7 could be directly 
amplified by RT-PCR from native pulp tissue, nested-PCR was required for its 
detection from odontoblasts. Thus, the IL-7 gene expression level in odontoblasts 
is probably lower than in pulp tissue. In addition to its proinflammatory function, 
IL-7 inhibits osteoblast differentiation, thereby reducing bone formation (Giuliani 
et al. 2005). Therefore, it may play a role also in the regulation of either 
reactionary or reparative dentin formation, or both. IL-6 gene expression has not 
been detected in odontoblasts previously. IL-6 is a growth factor for B-
lymphocytes and plays a role in their differentiation and maturation into plasma 
cells. Additionally, IL-6 plays a role in the activation of T-lymphocytes (Feghali 
& Wright 1997). Chemokines that are constitutively expressed by non-lymphoid 
tissues, such as skin and salivary glands, are important in immunosurveillance 
and homeostasis of the whole immune system (Mantovani et al. 2004). Durand et 
al. (2006) demonstrated that odontoblasts obtained from normal pulp 
constitutively expressed 17 chemokine-related genes, among them CCL2, 
CXCL12 and CXCL14, known to recruit immature dendritic cells and 
macrophages. ILs now detected in odontoblasts may play similar roles in the 
immunosurveillance and homeostasis of teeth.  

The expression of only one IL, proinflammatory IL-8, was clearly elevated in 
response to TGF-β1 treatment of odontoblasts. IL-8 could not be detected in 
native odontoblasts, supporting the earlier evidence of non-existent or very weak 
IL-8 gene expression in native odontoblasts (Veerayutthwilai et al. 2007, Levin et 
al. 1999). An increase in the expression levels of IL-8 in odontoblasts in response 
to culture and treatment with lipopolysaccharides (LPS) has been reported 
(Veerayutthwilai et al. 2007, Levin et al. 1999). Thus, the findings of this study 
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(III) support the evidence that odontoblast expression of IL-8 is upregulated by 
extrinsic and intrinsic factors, and IL-8 may be a key cytokine in the odontoblast-
mediated immune response. 

6.6 Potential novel odontoblast markers 

The DSPP gene encodes both dentin sialoprotein (DSP) and dentin 
phosphoprotein (DPP), two principal dentin-specific noncollagenous proteins (Gu 
et al. 2000). DSPP expression has traditionally been thought to be odontoblast-
specific. However, DSPP mRNA and the corresponding DSP protein have also 
been detected at lower levels in e.g. alveolar bone, cellular cementum and 
periodontium (Baba et al. 2004). Additionally, they have been detected at low 
levels in non-dental tissues, including murine long bone and mouse inner ear (Qin 
et al. 2002, Xiao et al. 2001). In part II of this study, DSPP mRNA was detected 
in both native and cultured odontoblasts, but also at a lower amount in each of the 
pulp samples, with no marked effect of TGF-β1. The detection of DSPP mRNA in 
pulp tissue is consistent with the earlier observation that DSP encoded by the 
DSPP gene is present in rat pulp tissue (Baba et al. 2004). Thus, DSPP is not 
really odontoblast-specific, even in dental tissues, and cannot be used as a sole 
marker in odontoblast differentiation studies or other experiments with cultured 
odontoblast-like cells. The expression of other proteins, including osteoadherin, 
type I collagen, enamelysin and alkaline phosphatase (Couble et al. 2000, Allard 
et al. 2000, Kitagawa et al. 2007), have also been traditionally used in 
determining the differentiation stage of odontoblast-like cells. None of these 
proteins is odontoblast-specific, and a combination of different markers must be 
used to conclude that given a cell has odontoblast characteristics. Novel protein 
HUGO (FNDC3A) has been recently identified from cultured odontoblast-like 
cells (Carrouel et al. 2008). However, it is expressed also in other tissues such as 
brain and kidney (Carrouel et al. 2008). Thus, the discovery of novel odontoblast-
specific genes would benefit studies of odontoblast differentiation. 

6.6.1 Matrilin 4 and collagen XI α1 

Comparison of native pulp tissue and odontoblasts (II) revealed that, despite the 
functional diversity of the tissues and the composition of pulp tissue of several 
cell types, the general expression profiles were surprisingly similar. Since 
odontoblasts are hard tissue-forming cells responsible for dentin formation, major 
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differences especially in the expression of ECM organization and biogenesis-
related genes were expected. However, only two genes of this category, 
COL11A1 and MATN4, were detected solely in odontoblasts with microarray 
analysis. At the closer analysis with RT-PCR, COL11A1 was also observed in 
pulp tissue, while MATN4 mRNA and protein were confirmed only in 
odontoblasts. The expression profiles of two healthy pulp samples downloaded 
from the GEO database (GSE1629) revealed COL11A1 expression in these pulp 
samples. This may be due to the biological variation between teeth (caused by e.g. 
genetic and environmental factors) used for studies and the slight variation in 
microarray methodology. No MATN4 expression was detected in either of the two 
samples downloaded from the GEO database. However, MATN4 is expressed by 
several tissues including bone and cartilage in rat (Klatt et al. 2001), and it is also 
possible that cells of these lineages, differentiated from pulp stem cells, may 
express it. Thus, MATN4 could be used as an odontoblast differentiation marker 
in combination with other markers. The specific function of matrilins is unclear, 
but they have been shown to interact with both collagenous and noncollagenous 
matrix proteins (Piecha et al. 2002, Wiberg et al. 2003) suggesting a function as 
general adaptor proteins in the ECM. 

6.6.2 The expressed sequence tags detected only in odontoblasts 

Microarray analysis revealed 16 probe sets representing ESTs and other 
unclassified transcripts, which were positive in native odontoblasts but not in 
native pulp tissue or in any of the cultured pulp samples. Two of them were 
consistently expressed in all cultured odontoblast samples, and thus possibly 
important for odontoblast function. The genes represented by the observed ESTs 
and proteins they encode are previously unknown. Since to date their expression 
has not been detected in any tissues, they may be odontoblast-specific and may 
have a distinct role in the normal function of odontoblasts. The expression of 
these ESTs in other tissues requires further analysis, but since they are 
odontoblast-specific in tooth, some of them may be good candidates for 
odontoblast markers. 
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6.7 Similarity of cultured odontoblast-like cells to mature native 
odontoblasts 

Dental pulp stem cells are thought to be derived from perivascular cells of pulp 
tissue (Shi & Gronthos 2003). Stem cells capable of differentiating into various 
cell types and generating dentin-pulp complex -like structures, when transplanted 
into mouse, have been isolated from human pulp tissue (Gronthos et al. 2002, 
Gronthos et al. 2000). Differentiation of odontoblast-like cell lines from dental 
papilla or pulp tissue can be induced by β-glyserophosphate (βGP) or isolated 
dentin matrix components (Couble et al. 2000, Liu et al. 2007, About et al. 2000, 
Liu et al. 2005). These cells typically possess some odontoblast-like 
characteristics, e.g. expression of DSP protein, and are capable of producing small 
mineralized nodules (Liu et al. 2007, About et al. 2000). Additionally, to 
circumvent the limited life-span of primary cultures, immortalized cell lines 
representing odontoblast-like cells have been established by reconstitution of 
telomerase activity (Hao et al. 2002) or retroviral transcription (MacDougall et al. 
1995), or even spontaneous immortalization of pulp cells (Hanks et al. 1998). 
These immortalized cell lines may express DSP, alkaline phosphatase or other 
odontoblast-characteristic proteins, but their morphology differs greatly from 
odontoblasts, e.g. they may have multiple short cell processes (MacDougall et al. 
1995, Hanks et al. 1998). The cells immortalized by telomerase activity have a 
slightly elongated shape, express some genes that are characteristic for 
odontoblasts, and also have the ability to form small mineralized nodules (Hao et 
al. 2002). However, since the observed phenotype and spatial organization of 
these immortalized cells differ from the native cells, and native odontoblasts are 
non-proliferating terminally differentiated cells, it is questionable that these 
immortal cell lines truly represent real odontoblasts.  

The cell culture system used in part IV of this study allows the differentiation 
of human pulp cells into odontoblast-like cells that have the morphological 
(position of the nucleus, cellular extension), spatial organization (arrangement 
into single-cell layers) (Couble et al. 2000) and the functional (expression of 
DSPP, type I collagen, enamelysin, osteoadherin) characteristics of odontoblasts 
(Couble et al. 2000, Allard et al. 2000). The marked similarity of general gene 
expression profiles of the mature native odontoblasts and cultured odontoblast-
like cells was revealed by microarray analysis. Distribution of the positive probe 
sets into GO categories was surprisingly similar considering that the samples 
represented mature and newly differentiated cells. However, differences were also 
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observed, especially cell growth and cell cycle categories, which held more 
positive probe sets in cultured than in native odontoblasts. The difference was 
probably partly explained by the culture conditions, but also by the newly 
differentiated status of the cultured cells and terminally differentiated stage of the 
native odontoblasts. The detection of stimulus was the only category with more 
positive probe sets in native odontoblasts than in cultured odontoblast-like cells, 
possibly due to the suggested function of odontoblasts as sensory cells (Magloire 
et al. 2004). Thus, the large-scale gene expression screening confirmed the earlier 
findings (Couble et al. 2000, Allard et al. 2000) that the cells produced by this 
culture method have the characteristics of odontoblasts.  

6.7.1 Neuronal protein expression in mature and newly differentiated 
odontoblasts 

In addition to their established function in dentin matrix production and 
mineralization, odontoblasts have been indicated to participate in the sensory 
function of tooth. The evidence for this is still limited, although mechanosensitive 
potassium channels (Allard et al. 2000, Magloire et al. 2003) and voltage-gated 
calcium channels (Lundgren & Linde 1997, Davidson & Guo 2000) have been 
detected in the odontoblast plasma membrane. Neuropeptide NT has been 
detected in odontoblasts earlier and has been speculated to participate in the 
nociceptive function of tooth (Bhatnagar et al. 1995). Adhesion-like contacts have 
been observed between odontoblasts and nerve fibers, but there is no evidence of 
synapses between them (Byers 1984, Byers & Närhi 1999). However, due to their 
close spatial location, communication between odontoblasts and nerve fibers is 
probable, e.g. by paracrine factors. Thus, the expression of selected neuronal 
genes, including SSTR1, CORT, PNOC GAL and PTPRZ1, in mature native and 
in newly differentiated odontoblasts was selected for detailed analysis. At the 
mRNA level, higher CORT, PTPRZ1, GAL and SSTR expression was detected in 
native than in cultured odontoblasts, while the PNOC level was higher in cultured 
odontoblasts. None of these neuronal proteins have been previously reported in 
odontoblasts. However, their precise roles in odontoblasts remain to be studied at 
the functional level. 

Immunofluorescent analysis was performed only on developing teeth, which 
nonetheless contained both mature (at the crown) and newly differentiated (at the 
apical part) odontoblasts. None of the studied proteins were detected in pulp cells. 
A similar expression pattern as with DNA microarray and real-time qPCR was 
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detected, confirming the strength of the DNA microarray as a tool for screening 
previously unknown and potentially functionally important proteins in cells of the 
dentin-pulp complex. 

Since PNOC was detected at a higher level in newly differentiated than in 
mature odontoblasts, it may be useful as an odontoblast marker. PNOC is a 
precursor of nociceptin that has a nociceptive function in cells (Mollereau et al. 
1996). Further investigation at the functional level is required to elucidate the role 
of PNOC in odontoblasts.  



 78 

 



 79 

Conclusions 

In the present study, the suitability of high-throughput expression analysis 
methods for pulp biology was estimated, and the expression profiles of native and 
cultured pulp tissue as well as odontoblasts and odontoblast-like cells were 
investigated.  

1. Only slight differences between healthy and carious pulp tissue were seen in 
vivo at the mRNA level, and no reproducible differences were observed at the 
protein level. On the other hand, treatment of pulp tissue with TGF-β1 in 
vitro resulted in large changes, which were confirmed at the protein level. 
Thus, large-scale expression analysis is especially suitable for in vitro studies 
in pulp biology.  

2. Comparison of a native pulp tissue sample used in this study with two 
samples downloaded from the GEO database confirmed the good 
reproducibility of the Affymetrix GeneChip array, which has been previously 
shown (Lockhart et al. 1996), also in pulp tissue. 

3. TGF-β1 treatment caused marked changes in the transcriptome of pulp tissue 
and odontoblasts. Cytokines were one of the most significantly altered gene 
categories in pulp tissue. Especially, the expression of proinflammatory 
interleukins was transiently increased in pulp tissue in response to TGF-β1, 
indicating the predominantly proinflammatory effect of TGF-β1 on pulp 
tissue. IL-8 was the only interleukin with an observed gene expression 
change in odontoblasts, and thus it may be the key cytokine in the immune 
response mediated by odontoblasts. 

4. The previous findings of dentin sialophosphoprotein (DSPP) expression in 
pulp tissue were confirmed, thus emphasizing the demand for new 
odontoblast markers. Matrilin 4 (MATN4) was identified as odontoblast-
specific, at the mRNA and protein levels, in tooth. Additionally, two 
potentially odontoblast-specific ESTs, representing possible new odontoblast-
specific genes, were identified. 

5. The large-scale gene expression screening confirmed the earlier findings that 
the cells produced by the culture method (Couble et al. 2000) used in this 
study have odontoblast characteristics, and thus offer a valuable cell line for 
in vitro studies of odontoblasts. Also, differential expression levels of selected 
neuronal proteins were detected in mature native odontoblasts and cultured 
odontoblast-like cells, and these proteins, especially pronociceptin (PNOC) 
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detected only in newly differentiated odontoblasts, may also prove useful as 
odontoblast markers. 
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