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ABSTRACT 

Occlusion is commenced by contact of a tooth with an 
opposing tooth and is the mechanical force working 
against the periodontal ligament (PDL). Our recent 
study indicated that occlusion regulated tooth-root 
elongation occurs during root development in rat 
molars. Using a non-occlusal model established to 
directly examine the effects of the absence of occlu- 
sion in developing first molars of upper jaw, histo- 
logical analysis was performed to count the number 
of HERS cells, with Microarray used to analyse gene 
expression profiles. HERS cell numbers in normal 
molars decreased significantly more than those in 
experimental molars. In microarray data, a total of 
59 genes showed significant differences (fold change > 
2.0). Expressions of 55 genes in the experimental mo- 
lars, which included PLAP-1/asporin and periostin, 
were significantly decreased than those in normal 
molars. These data indicate that occlusion during 
root development leads to a decrease in the number of 
HERS cells, and that the aforementioned genes may 
play an essential role in normal root formation. 
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1. INTRODUCTION 

Occlusion is commenced through contact between a 
tooth and its counterpart tooth and works as the me- 
chanical force against the periodontal ligament (PDL). 
Our recent study, which employed a non-occlusal model 
during root development, demonstrated that occlusion is 
directly related to tooth-root elongation by regulating cell 
proliferation of the apical region [1]. This means that as 
an environmental factor, occlusion is important to root 
formation. Studies focused on root length are very few, 
but Nakatomi et al. has reported that mesenchymal dys-  

plasia mice carrying an abnormal C-terminus of Patched 
1 protein have shorter roots [2]. Furthermore, the molar 
roots of sulf1/sulf2 double knockout mice were short [3]. 
Thus, factors regulating root length have remained un- 
known. 

Hertwig’s epithelial root sheath (HERS) is a bi-layered 
cell sheath formed by the inner enamel epithelium (IEE) 
and outer enamel epithelium (OEE) following crown 
formation [4]. During root development, HERS contin- 
ues to migrate in the apical area outlining the shape of 
root and plays a main role in root formation. The expres- 
sion of several genes, sonic hedgehog (SHH), Nuclear 
factor I (NFI)-C, periostin, Msx1, and Msx2 play a pi- 
votal role during the root formation [2,5,6]. Recent stud-
ies have laid to rest unknown HERS facts, including the 
number of HERS cells, their length and subsequent fates 
[7-9]. Thus, factors regulating root size such as length 
and width are yet to be studied in great detail. 

Microarray analysis has recently been applied to ana- 
lyse comprehensive gene expression profiles on various 
human diseases, such as cancer [10], rheumatologic dis- 
orders [11], Alzheimer’s disease [12], oral squamous cell 
carcinoma [13], periodontitis [14] and gingival over-
growth [15]. Furthermore, microarray technology has 
been utilised in tooth development in mice [16-18]. 
Through this method, we can compare gene expression 
profiles at different stages of tooth development, which 
has resulted in an array of genes being identified as 
regulators for tooth development. However, no reports 
examine the change of gene expression by occlusal load- 
ing during root development. 

In this study, we hypothesise that root elongation, 
where occlusion is excluded during root development, is 
related to HERS cell numbers and gene expression 
around the tooth-root. Our objectives were to analyse the 
change in the number of HERS cell and the gene expres- 
sion profiles in developing roots of a non-occlusal 
model. 
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2. MATERIALS AND METHODS 

All experiments were performed following the guidelines 
of the Niigata University Intramural Animal Use and 
Care Committee. 

2.1. Tissue Preparation and Subjects for 
Histochemistry 

Three Wistar rats (postnatal 15, 18, 21, 25 and 30 days 
old) were used for histological procedures. Experimental 
procedure involving the extraction of counterpart teeth 
has been explained previously [1]. In brief, the right 
lower first and second molars at P15 were extracted un- 
der anaesthesia by an intraperitoneal injection of chloral 
hydrate (400 mg/kg), with the extracted socket left un- 
treated. The control contained normal molars that had not 
undergone an extraction. Materials were collected from 
the two groups at intervals of 10 (postnatal 25 days old: 
P25) and 15 (postnatal 30 days old: P30) days after ex- 
traction. Rats were perfused with physiological saline 
transcardially followed with 4% paraformaldehyde in a 
0.1 M phosphate buffer (pH 7.4) under deep anaesthesia 
by an intraperitoneal injection of chloral hydratre (400 
mg/kg). The maxillae was removed en bloc and im- 
mersed in the same fixative for 24 hours. 

2.2. Histological Analysis 

Following decalcification of the tissues with 10% EDTA 
at 4˚C, the specimens were embedded in paraffin. Cut at 
a thickness of 5 μm, sagittal sections were mounted on 
MAS-coated glass slides (Matsunami Glass Ind, Osaka, 
Japan). Deparaffined sections were stained with H-E. 
Using these sections, the numbers of inner and outer 
cells of HERS were calculated. 

2.3. Subjects for Microarray Analysis 

For microarray analysis, four upper first molar of ex- 
perimental and control groups at P30 were used. All 
samples were extracted under anaesthesia by an intrap- 
eritoneal injection of chloral hydratre (400 mg/kg). Im- 
mediately after sampling, molars were dipped into 1000 
μl of an RNA stabilization regent, RNA later® (QIA- 
GEN, Valentia, CA). The roots and pulp floors were re- 
sected with a razor blade and only root portions except 
for the coronal portion were homogenised by another 
razor blade. These samples were then stored at −20˚C 
until use. An RNeassy mini kit (QIAGEN, Valentia, CA) 
was used to isolate total RNA from the tissue samples 
according to the manufacturer’s instructions. The quality 
and quantity of total RNA samples were determined 
prior to the microarray experiments by the Agilent 2100 
Bioanalyzer (Agilent Technologies, Palo Alto, CA). A 
quantity of more than 25 ng, and density of 13.5 ng/μl 
were used for further microarray analysis. Double- 

stranded cDNA was synthesised from high-quality RNA 
obtained by using the Low Input Quick Amp labeling 
kit/lit (Agilent technologies, Palo Alto, CA). 100 ng of 
total RNA derived from each pool was converted to dou- 
ble-stranded cDNA using the reverse transcriptase and a 
poly dT primer containing a T7 promoter (Agilent tech- 
nologies, Palo Alto, CA). Cyamine dye-labelled cRNA 
was synthesised from cDNA and T7 RNA polymerase 
(Agilent technologies, Palo Alto, CA). Following frag- 
mentation, 480 ng of cRNA was hybridised for 17 h at 
65˚C on Sureprint G3 Rat Gene Expression 8 × 60 k 
(Agilent technologies). GeneChips were washed and 
stained in Gene Expression Hybridization kit (Agilent 
technologies). Fluorescence intensities for each chip 
were captured on a Scanner G2539A (Agilent technolo- 
gies), and the data obtained were processed and analysed 
with the perfect match/mismatch algorithm using Scan 
Control, version A.8.5.1 (Agilent technologies). 

2.4. Microarray Data Analysis 

Microarray data were initially processed using Feature 
Extraction (Agilent technologies). The MAS5.0 algo- 
rithm was used to normalise the signals to correct for 
non-specific hybridization, taking into account perfect 
match and mismatch probe pairs. Comparison analyses 
were then used to differentiate the real changes in gene 
expression levels between normal and experimental 
groups. Genes that revealed at least two-fold changes in 
their gene expression were selected, and the obtained 
data were filtered to ensure both statistical and biological 
significance. 59 Genes which indicated a statistically 
significant gap compared with the control group were 
selected by a paired t-test (P < 0.05). 

2.5. Statistics 

The numbers of inner and outer cells in HERS were 
noted as the means ± standard deviation (SD). The sig- 
nificant difference was evaluated using Student’s t-test. 

3. RESULTS 

3.1. HERS of Normal Molars at 15 and 21 Days 
Old 

HERS of normal molars at 15 and 21 days old At P15, 
tooth cusps have not emerged into the oral cavity, but 
tooth root formation has commenced (Figure 1(a)). In 
this stage, cells from the inner enamel epithelium (IEE) 
and outer enamel epithelium (OEE) extended in an apical 
direction (Figure 1(b)). IEE cells were square, and OEE 
cells were rectangular. At P21, the tooth has already 
erupted into the oral cavity. In this stage, root develop- 
ment continues to an apical direction (Figures 1(c) and 
(d)). During a period of 6 days, cells from IEE and OEE 
decreased (Table 1). 
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Figure 1. Histological analysis of normal molars during root 
development at P15 and P21. The mesial side is to the left in 
(a)-(d). (a) H-E stain in right first molar of the upper jaw at P15. 
It begins to erupt, but not emerge into the oral cavity; (b) 
Higher magnification of the boxed area in (a). HERS (red 
arrow heads) is observed in the apical region; (c) H-E stain in 
right first molar of the upper jaw at P21. It has already erupted 
in the oral cavity; (d) Higher magnification of the boxed area in 
(c). Scale bars = 500 μm (a), (c), 50 μm (b), (d). N15: normal 
molar at P15, N21: normal molar at P21, DP: dental pulp, D: 
dentin, HERS: Hertwig’s epithelial root sheath. 
 
Table 1. Comparison of number of HERS cells between normal 
and experimental groups. 

 Inner layer Outer layer 

Post 
natal day 

Normal 
group 

Experimental 
group 

Normal 
group 

Experimental 
group 

15 32.0 ± 3.0  25.0 ± 2.6  

18 26.0 ± 2.0  22.7 ± 2.1  

21 23.3 ± 1.5  19.3 ± 2.5  

25 16.0 ± 2.0* 20.3 ± 1.5** 10.5 ± 1.5* 16.7 ± 1.5**

30 11.3 ± 1.5 16.0 ± 2.5† 9.7 ± 2.5 13.3 ± 2.1 

Data are given as mean ± SD. n = 3. *P < 0.05 versus P21, **P < 0.05 versus 
normal group at P25. †P < 0.05 versus experimental group at P30.; Student’s 
t-test. 

3.2. HERS of Normal and Experimental Molars 
at 25 and 30 Days Old 

At P25, normal tooth roots continued to be formed. The 
morphological difference of both normal and experi- 
mental root dentin were not observed (Figures 2(a) and 
(c)). However, Sharpey’s fibers displayed an irregular 
orientation in experimental molar as in our previous re- 
port (Figure 2(c)). We compared the number of HERS 
cells among P21, normal group at P25 (N25) and ex- 
perimental group at P25 (E25). The number of HERS 
cells in the normal group was significantly fewer than in 
the experimental group (Table 1). The cell number from 
inner and outer enamel epithelium in the normal group at 
P25 was significantly lower than that at P21, in contrast 
to an insignificant difference noted in the experimental  
 

 
Figure 2. Histological analysis of normal and experimental 
molars during root development at P25. The mesial side is to 
the left in (a)-(d). (a) H-E stain in normal first molar of upper 
jaw at P25. (b) Higher magnification of the boxed area in (a). 
(c) H-E stain in experimental first molar of upper jaw at P25. 
(d) Higher magnification of the boxed area in (c). Scale bars = 
200 μm (a), (c), 50 μm (b), (d). N25: normal molar at P25, 
E25: experimental molar at P25, DP: dental pulp, PDL: perio- 
dontal ligament, D: dentin, HERS: Hertwig’s epithelial root 
sheath. 
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group (Table 1). 
At P30, normal teeth completed root elongation, but 

incomplete apical root dentin formation was observed as 
in a previous report [19]. Sharpey’s fiber findings were 
identical to those at P25 in our previous report (Figures 
3(a) and (c)) [1]. The number of HERS cells in normal 
groups (N30) was significantly fewer than that in experi- 
mental groups (E30) (Table 1), as was observed at P25. 

3.3. Microarray Analysis 

Microarray was used to compare multiple gene expres- 
sion profiles between normal and non-occlusal groups 
during root development. Genes that expressed more 
than two folds were selected. 59 genes displayed either 
up- or down-regulation between normal and experimen- 
tal molars. A total of 55 genes, including the especially 
prominent surfactant protein D, were highly expressed in 
the normal group. Table 2 shows the genes that were 
down-regulated in the experimental group compared to  
 

 

Figure 3. Histological analysis of normal and experimental 
molars during root development at P30. The mesial side is to 
the left in (a)-(d). (a) H-E stain in normal first molar of upper 
jaw at P30. (b) Higher magnification of the boxed area in (a). (c) 
H-E stain in experimental first molar of upper jaw at P30. (d) 
Higher magnification of the boxed area in (c). Scale bars = 200 
μm (a), (c), 50 μm (b), (d). N30: normal molar at P30, E30: 
experimental molar at P30, DP: dental pulp, PDL: periodontal 
ligament, D: dentin, HERS: Hertwig’s epithelial root sheath. 

the normal group at P30. In the same way, we also found 
that the expression of four genes was significantly in- 
creased in the experimental group (Table 3). Highly- 
expressed genes in the experimental group included na- 
triuretic peptide precursor C (Nppc), NAC alpha domain 
containing (Nacad), somatostatin (Sst), and nuclear recep- 
tor subfamily 1, group D, member 1 (Nr1d1), and tran-
script variant 2. The number of down-regulated genes 
exceeded that of up-regulated genes in this study. 

4. DISCUSSION 

The number of HERS cells during normal root develop- 
ment was quantified by Yamamoto et al. [7]. During root 
formation, the number of HERS cells in normal molars 
reduces gradually as shown in his previous report in mice 
[7]. This study demonstrates that the number of HERS 
cells in normal molars decreases significantly further 
than that in experimental molars during root develop- 
ment, whereas the number of HERS cells reduces gradu- 
ally before contacting molar in the upper jaw and coun- 
terpart molar in the lower jaw. These data suggest that 
the number of HERS cells is regulated by not only ge- 
netic factors but also environmental factors, including 
occlusion. Our previous report demonstrated that the 
number of proliferating cells in the apical region of nor- 
mal molars decreased greater than in that of non-occlusal 
molars. This is identical to the data of HERS cell num- 
bers in this study, suggesting that exclusion of occlusal 
loading during root formation leads to root elongation by 
regulating HERS cells and proliferating cells around the 
apical root [1]. 

Interestingly, the number of HERS cells in normal 
molar immediately after the onset of occlusion decreased 
significantly further than that in experimental molar. 
Once again, this data mimics our previously obtained 
results for the decrease of proliferating cells and root 
elongation [1]. Furthermore, little is reported about the 
effects of the early stage of occlusion during root devel- 
opment. Thus, occlusion during root development is im- 
portant to HERS even if it is just after occlusal loading 
starts. 

Down-regulated genes were greater in number than 
up-regulated genes in microarray analysis. It is conceiv- 
able that this experiment could be a non-occlusal model 
established by extracting counterpart teeth. When physi- 
cal force is excluded, periodontal tissue causes various 
morphological changes including progressive atrophy of 
Sharpey’s fibers, loss of their regular arrangement, nar- 
rowing of periodontal space, and the loss of alveolar 
bone [20-22]. Hence, gene results obtained in this study 
are identical to the morphological findings in previous 
reports. 

This study unearthed two genes that may have impor- 
tant roles in HERS development. Periostin, which is 
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Table 2. List of down-regulated genes showing greater than two-fold change in experimental tooth compared to normal tooth at P30. 

Gene symbol Gene name Fold change 

Sftpd Surfactant protein D (Sftpd) 9.7 

Lbp Lipopolysaccharide binding protein (Lbp) 4.7 

Atp6v0d2 ATPase, H+ transporting, lysosomal 38kDa, V0 subunit d2 (Atp6v0d2) 4.4 

Scgb1a1 Secretoglobin, family 1A, member 1 (uteroglobin) (Scgb1a1) 3.8 

Gcgr Glucagon receptor (Gcgr), transcript variant 2 3.7 

Mt3 Metallothionein 3 (Mt3) 3.4 

Ccl9 Chemokine (C-C motif) ligand 9 (Ccl9) 3.4 

Entpd3 Ectonucleoside triphosphate diphosphohydrolase 3 (Entpd3) 3.3 

Stmn4 Stathmin-like 4 (Stmn4) 3.2 

Fmod Fibromodulin (Fmod) 3.2 

Mmp9 Matrix metallopeptidase 9 (Mmp9) 3.0 

Scara5 Scavenger receptor class A, member 5 (putative) (Scara5) 3.0 

Nov Nephroblastoma overexpressed gene (Nov) 2.9 

Tspan2 Tetraspanin 2 (Tspan2) 2.8 

Acta2 Smooth muscle alpha-actin (Acta2) 2.8 

Actg2 Actin, gamma 2, smooth muscle, enteric (Actg2) 2.7 

Srpx2 Sushi-repeat-containing protein, X-linked 2 (Srpx2) 2.7 

Pdzrn4 PDZ domain containing RING finger 4 (Pdzrn4) 2.7 

Postn Periostin, osteoblast specific factor (Postn) 2.6 

Actg2 Actin, gamma 2, smooth muscle, enteric (Actg2) 2.6 

Aspn Asporin (Aspn) 2.6 

Pla2g2d Phospholipase A2, group IID (Pla2g2d) 2.6 

Serpina3n Serine (or cysteine) peptidase inhibitor, clade A, member 3N (Serpina3n) 2.5 

B4galnt1 Beta-1,4-N-acetyl-galactosaminyl transferase 1 (B4galnt1) 2.5 

S100b S100 calcium binding protein B (S100b) 2.5 

Sema3c Sema domain, immunoglobulin domain (Ig), short basic domain, secreted, (semaphorin) 3C (Sema3c) 2.4 

Col12a1 Collagen, type XII, alpha 1 (Col12a1) 2.4 

Siglec15 Sialic acid binding Ig-like lectin 15 (Siglec15) 2.4 

Crip Cysteine-rich intestinal protein (Crip) 2.4 

Tnn Tenascin N (Tnn) 2.4 

 PREDICTED: hypothetical protein LOC691317, transcript variant 1 (LOC691317) 2.3 

LOC681309 PREDICTED: similar to Thrombospondin-3 precursor (LOC681309), miscRNA  2.3 

Col6a3 Procollagen, type VI, alpha 3 (Col6a3) 2.3 

Cdh13 Cadherin 13 (Cdh13) 2.3 

Cdh13 Cadherin 13 (Cdh13) 2.3 

Trem2 Triggering receptor expressed on myeloid cells 2 (Trem2) 2.3 

Acp5 Acid phosphatase 5, tartrate resistant (Acp5) 2.2 

Folr1 Folate receptor 1 (adult) (Folr1) 2.2 

Tagln Transgelin (Tagln) 2.2 
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Sema3c Sema domain, immunoglobulin domain (Ig), short basic domain, secreted, (semaphorin) 3C (Sema3c) 2.2 

Spon2 Spondin 2, extracellular matrix protein (Spon2), mRNA 2.2 

 TL0AAA45YD16 mRNA sequence. 2.2 

Loxl2 Lysyl oxidase-like 2 (Loxl2) 2.2 

Tnn Tenascin N (Tnn) 2.2 

Ppapdc1a PREDICTED: phosphatidic acid phosphatase type 2 domain containing 1A (Ppapdc1a) 2.1 

S100a5 S100 calcium binding protein A5 (S100a5) 2.1 

LOC681994 PREDICTED: similar to developmental endothelial locus-1 isoform b, transcript variant 3 (LOC681994) 2.1 

Plac9 Placenta-specific 9 (Plac9) 2.1 

Cd84 PREDICTED: CD84 molecule (Cd84) 2.1 

Plac9 Placenta-specific 9 (Plac9) 2.0 

Lat2 Linker for activation of T cells family, member 2 (Lat2) 2.0 

S100a4 S100 calcium-binding protein A4 (S100a4) 2.0 

Steap1 Six transmembrane epithelial antigen of the prostate 1 (Steap1) 2.0 

Sncg Synuclein, gamma (breast cancer-specific protein 1) (Sncg) 2.0 

Hspb9 Heat shock protein, alpha-crystallin-related, B9 (Hspb9) 2.0 

 
Table 3. List of up-regulated genes showing greater than two-fold change in experimental tooth compared to normal tooth at P30. 

Gene symbol Gene name Fold change 

Nppc Natriuretic peptide precursor C (Nppc), mRNA 3.1 

Nacad NAC alpha domain containing (Nacad), mRNA] 2.2 

Sst Somatostatin (Sst), mRNA 2.2 

Nr1d1 Nuclear receptor subfamily 1, group D, member 1 (Nr1d1), transcript variant 2, mRNA 2.0 

 
expressed in periosteum and the PDL, is vital to tooth de- 
velopment [6,23]. Recently, Rios et al. reported that 
mechanical loading maintains sufficient periostin ex- 
pression to ensure the integrity of the periodontium in 
response to occlusal loading in normal mice [24]. Thus, 
periostin and occlusal loading have a close relationship. 
The second, asporin, is known as periodontal ligament- 
associated protein-1 (PLAP-1). It is initially expressed in 
the dental follicle during tooth germ development, and 
the specific expression of PLAP-1/asporin becomes pro- 
gressively evident in adult PDL tissue [25]. Whereas the 
relationship between PLAP-1/asporin and occlusal load- 
ing has not been reported, PLAP-1/asporin may be af- 
fected by occlusal loading because both periostin and 
PLAP-1/asporin are expressed specifically in the PDL. 
There are no reports which suggest that these genes ex- 
press in HERS during root formation, but their expres- 
sion in the PDL may be related to HERS. 

In conclusion, our results suggest that normal occlu- 
sion is involved in the regulation of HERS cell numbers 
and gene expression during root development. 
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