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Abstract 

Keratan sulfate proteoglycan and dermatan sulfate proteoglycan have been 

reported to inhibit collagen fibrillogenesis. We investigated their 

distribution in order to evaluate the role of proteoglycan in dentinogenesis. 

Specimens of porcine tooth-germ dentin and erupted teeth were the 

materials, on which antibodies of keratin sulfate and dermatan sulfate 

proteoglycan were used. Predentin was found to be positive for both 

antibodies, and the reaction ceased in the calcification front. Uniformly 

thick collagen fibrils (30-70 nm in diameter) were distributed in the 

predentin matrix, which would become intertubular dentin in the future. 

Both antibodies reacted positively along these fibrils. On the other hand, 

the surface layer of dentin in the tooth germ and that in erupted teeth, 

collagen fibrils of 10-300 nm in diameter were occasionally noted in 

dentinal tubules whose odontoblastic processes had disappeared, and these 

heterogeneous fibrils were negative for both antibodies.   

 Our findings suggest that keratan sulfate proteoglycan and dermatan 

sulfate proteoglycan distributed in the predentin inhibit calcification of 

collagen fibrils in the uncalcified matrix and disappear in the calcification 
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front. It was further suggested that keratin sulfate proteoglycan and 

dermatan sulfate proteoglycan distributed along collagen fibrils in the 

predentin matrix maintain uniform thickness, whereas collagen fibrils in 

dentinal tubules varied in thickness because of the absence of involvement 

of both proteoglycans. Keratan sulfate proteoglycan and dermatan sulfate 

proteoglycan were therefore thought to be involved in both calcification 

and matrix formation. 

Keywords: immunocytochemistry, keratin sulfate proteoglycan, dermatan 

sulfate proteoglycan, tooth germ, dentin 
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Introduction 

Proteoglycan (PG) in hard tissues is known to be rich in predentin and 

osteoids and to decrease in the calcification front. This distribution 

discrepancy suggests that, PG inhibits calcification and retains plenty of 

Ca2+ in the uncalcified matrix, its disappearance rapidly induces 

calcification in the calcification front. PG is present, however, not only in 

the uncalcified matrix, but also in the calcified matrix (Goldberg et al., 

1998; Waddington et al., 2003; Rahemtulla et al., 1984.) Furthermore, the 

presence of hydroxyapatite-binding (HA-binding) PG has been reported 

(Goldberg et al., 1988; Moriguchi et al., 1998). PG in the dentin is 

classified according to the time it remains in the predentin. Some remains 

for a long time, whereas some is rapidly incorporated into the calcified 

dentin (Lind, 1984). In addition, it has been reported that PG in predentin 

and calcified dentin demonstrates differences in core-protein types (Saito et 

al., 1994) and glycosaminoglycan (GAG) types (Rahemtulla et al., 1984). 

Keratan sulfate (KS) PGs like lumican, and dermatan sulfate (DS) PGs like 

decorin relate to collagen fibrillogenesis by determining fibrous 

orientations and promoting fibril stability (Scott, 1996). The presence of 
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lumican in human and rat predentin has been demonstrated (Hall et al.,1997, 

1999). Many factors concerning the distribution and functions of PGs 

remain unclear.  This study uses porcine tooth germs and erupted teeth to 

investigate immunohistochemically and cytochemically the distribution in 

dentin, predentin, and odontoblasts of KSPG and DSPG to evaluate their 

role in dentinogenesis.  

Materials and methods 

1. Tissue preparation 

 Experimental materials were 6-month-old permanent porcine tooth 

germs (mainly second molars) and erupted teeth (first premolars). Fresh 

mandibles were kept on ice while being transported from a slaughterhouse. 

They were subjected to immersion fixation with either a mixed fixative of 

4% paraformaldehyde and 0.5% glutaraldehyde or PLP fixative (0.01 M 

periodic acid / 0.075 M lysine / 2% paraformaldehyde). Specimens for 

optical microscopic observation were demineralized with 10% EDTA or 

80% ethanol triethylammonium EDTA (Scott et al., 1978) at room 

temperature. Then, they were embedded in paraffin and cut into 

longitudinal sections 5µm thick.  
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 Undemineralized specimens for electron microscopic observation 

were embedded in L. R. White resin (London Resin Co.) after dehydration. 

They were heat-cured then cut into thin sections that were placed on grids 

for immunoreaction. For protection from damage during manipulation, 

some of the sections were placed on the grids were covered with collodion 

membranes during reaction performance. (Peritubular dentin was 

demineralized during the reaction.)   

2.  Immunostaining 

 After deparaffinization, specimens for optical microscopic 

observation were immersed in 0.1% glycine PBS for 30 minutes to remove 

free aldehyde groups. Then they were immersed in 0.3% H2O2 / 0.1%NaN3 

/ PBS for 30 minutes to halt endogenous peroxidase activity. Blocking with 

normal rabbit serum (1:10) was performed for 1 hour. The specimens were 

next incubated overnight at room temperature with 6-B-6 [ANTI-DSPG 

mouse IgG (Seikagakukogyo Co.) 1:50] or 5-D-4 [ANTI-KS, mouse IgG 

(Seikagakukogyo Co.) 1:50] as the primary antibodies. Second incubation 

for one hour at room temperature carried out with peroxidase-labeled 

Rabbit-Anti-Mouse-IgG (H + L) (ZYMED LA.) (1:50).  Ni2+ Co2+ DAB 
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solution (Adams JC, 1981) was used to develop color.  

 For electron microscopic observation, thin sections on nickel grids 

were treated with glycine PBS and normal goat serum. After one hour's 

reaction using 5-D-4 (1:50), 6-B-6 (1:50), or anti-Co I 

[Rabbit-Anti-Porcine-Type I Collagen (Cosmo Bio Co.) 1:2,000], they 

were incubated either with 10-15 nm colloidal gold-conjugated 

Goat-Anti-Mouse IgG (ZYMED LA.) (1:50) or with Goat-Anti-Rabbit-IgG 

(ZYMED LA.)(1:50) at room temperature for one hour. After incubation, 

the sections were fixed in 2% glutaraldehyde solution for 10 minutes. OTE 

staining solution (0.2% Oolong Tea Extract/0.1M phosphate buffer, pH 7.4) 

was used to stain collagen fibrils in parts of the sections. Then they were 

double stained with uranyl acetate and lead citrate.  

 For both optical and electron microscopic observations related to 

primary and secondary antibody reactions, control specimens were 

produced by treating them with either dilutions or Mouse-IgG (1:50).  

Results 

1. Immunohistochemical observations. 

The predentin matrix reacted weakly to both 5-D-4 and 6-B-6. Reaction 
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was especially weak in the vicinity of odontoblasts. No reaction was noted 

in calcified dentin or dentinal tubules (Fig. 1-A, B).  

2. Immunocytochemical observations. 

Both 5-D-4 and 6-B-6 reactions were the same at all sites. Predentin in the 

vicinity of the odontoblastic-process neck exhibited a fine fibrous structure 

with almost no collagen fibrils. Hardly any 5-D-4 or 6-B-6 reactions were 

noted in the fibrous structure (Fig. 4-C, Fig. 6-B). Gold particles of both 

antibodies were distributed along collagen fibrils in areas removed from the 

neck region. The gold particles were interspersed on the fibrils up to the 

calcification front(Fibs. 4-B, 6-B). No gold particles were found, however, 

in either the intertubular or the peritubular dentin (Figs. 3-B, 4-B). 

 Collagen fibrils in predentin containing gold particles were 

distributed uniformly and had almost uniform thicknesses of 30-70 nm 

(Figs. 3-6). Localization of anti-Co I (Fig. 7-A, B) occurred in bundles of 

fine fibrils (approximately 10 nm) and fibrils of intermediate thickness 

(70-90 nm) detected in dentinal tubules of the dentin surface layer from 

which odontoblastic processes had disappeared. No gold-particle 

localization resulting from either 5-D-4 or 6-B-6 (Fig. 7-C, D), however, 
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was observed in collagen fibrils in these dentinal tubules. Furthermore, 

although very thick fibrils (200-300 nm) occasionally appeared in dentinal 

tubules in erupted teeth (Fig. 8-A, B), no gold-particle localization resulting 

from 5-D-4 or 6-B-6 was observed in them (Fig. 8-C, D). 

 Neither optical nor electron microscopic observation revealed any 

specific immunoreaction in the control group.  

Discussion  

1) Immunohistochemical observations 

Biochemical differences in the GAG chains and the core protein between 

PG in calcified dentin and PG in predentin have been reported (Rahemtulla 

et al., 1984). Immunohistochemical reports (Takagi et al., 1990) have been 

made of the presence of Ch-4-S, KS, DS, and Ch-6-S in rat predentin and 

Ch-4-S in dentinal tubules of calcified dentin. In immunocytochemical 

terms, the PG with Ch-4-S chains in dentinal tubules is apatite-binding PG 

distributed together with HA crystals in peritubular dentin and is involved 

in the formation of peritubular dentin (Moriguchi et al., 1998). Furthermore, 

reports have been made of differences between bovine predentin and 

calcified dentin in PG core-protein molecular weight.  In these cases, the 
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Ca-binding ability of PG in calcified dentin is witnessed by its having been 

stained blue by Stains-all (Saito et al., 1994).  

 Producing results similar to those obtained with rats, our 

investigation of porcine tooth-germ dentin demonstrated 5-D-4 (Anti-KS) 

and 6-B-6 (Anti-DSPG) in the predentin matrix, thus suggesting the 

presence of PG with KS chains and of DSPG in porcine predentin. The 

absence of any reaction to either antibody in the calcified dentin, including 

the dentinal tubules, suggests that KSPG and DSPG are distributed only in 

the uncalcified predentin matrix, the function of which differs from that of 

HA-binding PG in peritubular dentin. 

2) Immunocytochemical observations. 

Amounts of KSPG on the odontoblastic side in predentin have been 

reported (Hall et al., 1999) to be smaller than those on the 

calcification-front side in predentin. Moreover, optical microscopic 

observation of porcine predentin in this study showed weak 5-D-4 and 

6-B-6 reactions around the odontoblastic-process. Electron microscopic 

observation showed the predentin around the odontoblasts to have a fine 

fibrous structure poorly supplied with collagen fibers. No 5-D-4 and 6-B-6 
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reaction was observed in this fibrous structure. With the appearance of 

collagen fibrils, however, gold particles were distributed along the fibrils, 

suggesting the involvement of KSPG and DSPG in collagen fibrillogenesis.  

 Fibromodulin in tendon cartilage and lumican in the cornea are 

known as KSPG. It has been reported that their core protein is involved in 

collagen fibrillogenesis. Experiments (Svenssons et al., 1999) on 

fibromodulin-null mice showed fibrils with irregular sectional outlines 

distributed in the tendon.  Fibrils of various and abnormal thicknesses 

occurred in the cornea of lumican-null mice (Chakravarti et al., 1998). 

This suggests that KSPG controls collagen fibrillogenesis is such a way as 

to maintain uniform fibril thickness. In-vitro experimental results suggest 

that DSPG is the PG that controls collagen fibrillogenesis through 

involvement in the stabilization of fiber structures (Scott, 1996).  

 The predentin matrix shown by our observations to be positive for 

5-D-4 and 6-B-6 corresponds to the area that becomes intertubular dentin 

where collagen fibrils are distributed. Collagen fibrils distributed in it were 

of almost uniform thickness. Gold particles for both the antibodies occurred 

in the fibrils.  The reaction product of anti-Co I was localized in large 
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numbers of very thin collagen fibrils and remarkably thick collagen fibrils 

occasionally appeared in dentinal tubules from which odontoblastic 

processes had disappeared, although, no gold particles resulting from 5-D-4 

and 6-B-6 occurred in these fibrils. The absence of gold particles related to 

5-D-4 and 6-B-6 in these fibrils suggests that collagen fibrils of various 

thicknesses formed because no KSPG or DSPG was involved in the 

dentinal tubules. In contrast, distribution of KSPG and DSPG along the 

fibrils in the predentin resulted in collagen fibrils of uniform thickness. 

Consequently, KSPG and DSPG are thought to play a role in maintaining 

the uniform collage-fibril thickness that conduces to uniform calcification 

of the intertubular dentin.  

 Amounts of PG are known to decrease rapidly as hard tissue 

calcifies (Prince, 1984). PG has been reported to store and immobilize Ca2+ 

by binding it to sulfate and carboxyl groups in GAG chains, thus 

suppressing the growth of HA crystals (Katsura, 1984).  It has also been 

reported that in collagenous calcification, PG covers the hole zones of 

collagen fibrils, thus preventing HA crystals from seeding and inhibiting 

fibril calcification (Adele LB, 1989). As has been said, amounts of PG 
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decrease rapidly in the predentin and osteoid calcification front. PG 

suppresses collagen-fibril calcification (Linde, 1984; Prince et al., 1984). 

Therefore, its loss is thought to induce calcification in the calcification 

front. MMP-3 (neutral Ca-dependent MMP, which dissolves PG) has been 

reported to be involved in the disappearance of PG. Although it remains 

inactive in predentin because PG masks Ca, MMP is activated in the 

calcification front in which predentin PG is dissolved (Fukae et al., 1994; 

Moriguchi et al., 1998; Hall et al., 1999).  

 Our experimental results show 5-D-4 and 6-B-6 localized along 

collagen fibrils in predentin matrix destined to become intertubular dentin. 

In the calcification front, however, their reactions ceased; and no 

localization was noted in either the intertubular or peritubular calcified 

dentin. These findings suggest that predentin-matrix KSPG and DSPG are 

distributed along collagen fibrils where they inhibit fibril calcification and 

Ca2+ storage. The already reported (Fukae et al., 1994) presence of MMP-3 

in porcine predentin suggests that KSPG and DSPG in the predentin matrix 

are dissolved by MMP-3 in the calcification front and that intertubular 

dentin is formed by the deposition of HA crystals on exposed collagen 
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fibrils.    

 Thus our results suggest that KSPG and DSPG distributed in 

predentin collagen fibrils are involved in both the matrix-formation and the 

calcification aspects of intertubular-dentin formation.  
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Fig. 1 Immunohistochemical reaction in a porcine tooth germ for 5-D-4. 

A.  Weak reaction is observable in the predentin (PD). Bar, 10μm.  

B.  Magnified image of arrow pointed on FigA. Reaction confined to the 

PD matrix. Neither reaction in dentinal tubules (DT) or calcified dentin 

(CDM). Bar, 5μm.   

Fig. 2 Immunohistochemical reaction in a porcine tooth germ for 6-B-6. 

A:  Weak reaction is observable in the predentin (PD). Bar, 10μm.  

B:  Magnified image of arrow pointed on FigA. Reaction confined to the 

PD matrix. Neither reaction in dentinal tubules (DT) or calcified dentin 

(CDM). Bar, 5μm. 

Fig. 3 Immunocytochemical reaction in a porcine tooth germ for 5-D-4 and 

IgG gold. 

A:  Longitudinal image of dentinal tubules (DT) around the calcification 

front (CF) and odontoblastic processes (Obp). Bar, 1μm. 

B:  Magnified image of arrow pointed on FigA. Collagen fibrils with 

uniform thicknesses of 30-70 nm are closely distributed in the predentin 

(PD). Gold particles are located along the fibrils (arrowhead) but not in 

either the intertubular (ITD) or the peritubular (PTD) calcified dentin.  Bar, 
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0.2μm. 

Fig. 4 Immunocytochemical reaction in a porcine tooth germ for 5-D-4 and 

IgG gold. 

A:  Longitudinal image of odontoblastic processes (Obp) around the 

odontoblast-neck region. Bar, 1μm. 

B:  Magnified image of arrow pointed on FigA. Gold particles are 

interspersed along predentin collagen fibrils (arrowhead). Bar, 0.2μm. 

C:  Magnified image of arrowhead pointed on FigA. Fine fibrous 

structures in the PD near the odontoblast-neck region. Although there are 

none in these structures, gold particles were detected along the rarely 

occurring collagen fibrils (arrowhead). Bar,0.2μm. 

Fig. 5 Immunocytochemical reaction in a porcine tooth germ for 6-B-6 and 

IpG gold.  

A:  Longitudinal image of dentinal tubules (DT) around the calcification 

front (CF) and odontoblastic processes (Obp). Bar, 1μm. 

B:  Magnified image of arrow pointed on FigA. No gold particles are 

detectable in either the intertubular dentin (ITD) or the peritubular dentin 

(PTD). Bar, 0.2μm. 
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C:  Magnified image of arrowhead pointed on FigA. Collagen fibrils with 

uniform thicknesses of 30-70nm in diameter are densely distributed in the 

predentin (PD), and gold particles appear along the fibrils (arrowhead). 

Bar,0.2μm. 

Fig. 6 Immunocytochemical reaction in a porcine tooth germ for 6-B-6 and 

IgG gold.  

A:  Longitudinal image of odontoblastic processes (Obp) around the 

odontoblast-neck region. Bar, 1μm. 

B:  Magnified image of arrow pointed on FigA. Although none appear in 

the fine fibrous predentin (PD) structures near the odontoblast-neck region, 

gold particles appear along the rarely occurring collagen fibrils (arrowhead). 

Bar, 0.2μm. 

Fig. 7 Immunocytochemical reaction in a porcine tooth germ for anti-Co I, 

(A,B), 5-D-4 (C), 6-B-6 (D), and IgG gold.  

A:  Longitudinal image of dentinal tubules (DT) in the surface layer of 

tooth-germ dentin.  Anti-Co I reaction. Bar, 1μm. 

B:  Magnified image of arrow pointed on FigA. Gold particles indicating 

localization of anti-Co I appear on bundles of fine fibrils (approximately 10 
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nm; arrow) and on fibrils of intermediate thickness (70-90 nm) in dentinal 

tubules. Bar, 0.2μm. 

C:  Dentinal tubules in the surface layer of tooth-germ dentin.  5-D-4 

reaction. No localization of gold particles by 5-D-4 appears on fine 

collagen fiber bundles (arrow) or on collagen fibrils of intermediate 

thickness (arrowhead). Bar, 0.2μm. 

D: Dentinal tubules in the surface layer of tooth- germ dentin 6-B-6 

reaction. No localization of gold particles by 6-B-6 occurs on fine collagen 

fiber bundles (arrow) or on collagen fibrils of intermediate thickness 

(arrowhead). Bar, 0.2μm. 

Fig. 8 Immunocytochemical reaction in a porcine tooth germ for anti-Co I 

(A, B), 5-D-4 (C), 6-B-6(D), and IgG gold. 

A:  Longitudinal image of dentinal tubules (DT) in erupted tooth dentin. 

Anti-Co I reaction. Bar, 1μm. 

B:  Magnified image of arrow pointed on FigA. Gold particles indicating 

localization of anti-Co I appear on bundles of fine fibrils (arrow) and on 

remarkably thick collagen fibrils (200-300 nm) (arrowhead) in dentinal 

tubules. Bar, 0.2μm. 
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C:  Dentinal tubules in erupted-tooth dentin 5-D-4 reaction. 

No localization of gold particles by 5-D-4 occurs on fine collagen fibril 

bundles (arrow) or remarkably thick collagen fibrils (arrowhead). . Bar, 0.2

μm. 

D:  Dentinal tubules in erupted-tooth dentin 6-B-6 reaction. 

No localization of gold particles by 6-B-6 occurs on bundles of fine 

collagen fibrils (arrow) or remarkably thick collagen fibril (arrowhead). Bar, 

0.2μm. 
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