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Abstract
Morphological and functional changes during ameloblast and odontoblast differentiation suggest
that enamel and dentin formation is under circadian control. Circadian rhythms are endogenous
self-sustained oscillations with periods of 24 hours that control diverse physiological and
metabolic processes. Mammalian clock genes play a key role in synchronizing circadian functions
in many organs. However, close to nothing is known on clock genes expression during tooth
development. In this work, we investigated the expression of four clock genes during tooth
development. Our results showed that circadian clock genes Bmal1, clock, per1, and per2 mRNAs
were detected in teeth by RT-PCR. Immunohistochemistry showed that clock protein expression
was first detected in teeth at the bell stage (E17), being expressed in EOE and dental papilla cells.
At post-natal day four (PN4), all four clock proteins continued to be expressed in teeth but with
different intensities, being strongly expressed within the nucleus of ameloblasts and odontoblasts
and down-regulated in dental pulp cells. Interestingly, at PN21 incisor, expression of clock
proteins was down-regulated in odontoblasts of the crown-analogue side but expression was
persisting in root-analogue side odontoblasts. In contrast, both crown and root odontoblasts were
strongly stained for all four clock proteins in first molars at PN21. Within the periodontal ligament
(PDL) space, epithelial rests of Malassez (ERM) showed the strongest expression among other
PDL cells. Our data suggests that clock genes might be involved in the regulation of ameloblast
and odontoblast functions, such as enamel and dentin protein secretion and matrix mineralization.
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1. Introduction
Tooth development or odontogenesis is the complex process by which teeth form from
embryonic cells, grow, and erupt into the mouth (Bei, 2009; Thesleff and Sharpe, 1997).
Enamel, dentin, and cementum form by additive modes of growth that preserve within the
hard tissues short- and long-period lines of incremental growth (Dean, 2000; Erickson,
1996). In human dental enamel for instance, there are daily cross-striations and long-period
weekly daily lines or striae of Retzius (Guatelli-Steinberg et al., 2004; Li and Risnes, 2004).
These regularly occurring incremental markers suggest that dental tissues formation is
tightly controlled in time (Antoine et al., 2009). This hypothesis is further supported by
studies that showed that collagen production in dentin follow a 12 hour-pattern (Lopez
Franco et al., 2006). Circadian rhythms have been demonstrated using 3H-proline tracers
that label collagen in dentin formation. Twice as much collagen is secreted during the 12 h
of daylight when compared with the 12 h of night time (Ohtsuka et al., 1998). Furthermore,
during the enamel maturation stage, ameloblasts oscillate between smooth-ended and ruffle-
ended morphologies every 8 hours in rats (Lu et al., 2008; Smith, 1998). By periodically and
rapidly altering their morphology from a tight configuration (ruffle-ended) to a more leaky
configuration (smooth-ended) which re-establishes the equivalent of a new mineralization
front over the same patch of maturing enamel, the ameloblast manage to fully mature the
enamel matrix (Simmer et al., 2010). Taken together, these observations suggest that enamel
and dentin formation and maturation are under circadian control. However, direct evidence
of the expression and potential roles of clock genes (the genes that control circadian
rhythms) in tooth is lacking.

The central clock is composed of about 20,000 neurons, all of which express clock genes
that oscillate in synchrony (Ikeda, 2004; Welsh et al., 1995). Clock genes are defined by a
set of criteria that include rhythm in activity or amount as well as molecular evidence of a
feedback mechanism (Myers et al., 2003; Williams and Sehgal, 2001). Clock genes transmit
output signals that drive rhythms of gene expression in central and peripheral tissues
(Cassone and Stephan, 2002). The most direct mechanism by which clock genes drive
circadian gene expression is through regulation of promoter activity of clock-controlled
genes (Kondratov et al., 2006).

The expression of clock genes has never been investigated in dental tissues. We analyzed the
RNA expression of the main clock genes, aryl hydrocarbon receptor nuclear translocator-
like (Bmal1), circadian locomoter output cycles kaput (Clock), period homolog 1 (Per1) and
period homolog 2 (Per2) in extracts of whole teeth and localized the main clock proteins on
mouse teeth serial sections from embryonic day (E) 13 to day-21 post-natal (PN21) using
immunohistochemistry. This paper is a first step towards the understanding of the role of
clock genes in enamel and dentin formation.

2. Results and Discussion
2.1. Detection clock RNAs using RT-PCR

Bmal1, Clock, Per1 and Per2 mRNAs were detected in PN1 whole tooth extracts by
conventional RT-PCR (Fig. 1), as well as in brain (positive control). All the PCR products
were sequenced to confirm clock RNA expression. In addition, quantitative real-time PCR
(qRT-PCR) was used to evaluate relative expression levels between tooth and brain (Fig. 1).

2.2. Clock proteins expression in teeth at E13, E14 and E17
We have then characterized the protein expression patterns. At the bud stage (E13), the
dental epithelium invades into presumptive dental mesenchyme. In this stage, clock proteins
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were undetectable in dental epithelium or condensed dental mesenchyme (Fig. 2). Similarly,
no expression of clock proteins was detected in tooth germs of E14-E16 old mice (Fig. 2).

At the bell stage (E17), the neural crest-derived mesenchyme cells differentiate into dentin-
secreting odontoblasts, while the jaw epithelium differentiates into the enamel-secreting
ameloblasts. At this stage all four clock proteins showed similar expression patterns but with
different intensities within the nucleus of ameloblasts and odontoblasts (Fig. 2). Bmal1
protein expression was relatively weak but clearly detected in ameloblasts and odontoblasts;
Clock and Per2 showed stronger expression levels than Bmal1; and Per1 protein expression
was the strongest among the four proteins characterized. Dental pulp cells, stratum
intermedium (mainly for Per1) and osteoblasts (mainly for Bmal1) showed also variable
levels of sporadic protein expression (Fig. 2).

2.3. Clock proteins localization in teeth at PN4
At PN4 stage, the ameloblast and odontoblast are well-differentiated. They are induced to
synthesize enamel- and dentin-specific proteins and form enamel, pre-dentin and dentin. At
this stage, Bmal1 was up-regulated in the nucleus of ameloblasts, odontoblasts (Fig. 3).
Clock, Per1 and Per2 protein were continued to be strongly expressed in the nucleus of
ameloblasts and odontoblasts (Fig. 3). At this stage, the staining of the dental pulp cells was
down-regulated for Clock, Bmal1, and Per2 (Fig. 3). In contrast, Per1 was still strongly
expressed in dental pulp cells (Fig. 3). All four clock proteins were also strongly expressed
by the alveolar bone osteoblasts at this stage (Fig. 3).

2.4. Per2protein expression in teeth and bone at PN21
At PN21 stage, the first molars are being erupted. Interestingly, all clock genes showed
distinct expression pattern at the crown-analogue side versus the root-analogue side of the
incisor. Bmal1, Clock, Per1 and Per2 are expressed in incisor root odontoblasts strongly. In
contrast, clock proteins expression was low/undetectable at the crown-analogue side
odontoblasts (Fig. 4). Odontoblasts in first molars were also strongly stained for all four
clock proteins but dental pulp cells were devoid of staining (Fig. 4). Periodontal dental
ligament (PDL) cells showed weaker expression for clock proteins compared with
odontoblast expression. In contrast, within the PDL space, epithelial rests of Malassez
(ERM) showed strong expression of all the four clock proteins studied here. Clock proteins
were also detected in the nucleus of the osteoblasts and osteoclasts in the alveolar bone (Fig.
4). No clock proteins expression could be detected in cementoblasts or osteocytes (Fig. 4).

Taken all together, we speculate that the expression of clock proteins in tooth directly
correlates with cell differentiation and initiation of matrix production. Indeed, clock proteins
expression was clearly up-regulated in ameloblasts and odontoblasts of PN4 teeth. At this
stage (PN4), dental pulp staining was low further supporting a key role of clock genes in
enamel and dentin formation. We are currently analyzing enamel and dentin formation in
knock out models of clock genes to definitively elucidate the potential roles of clock genes
in enamel and dentin development.

Of interest, at PN21 incisors a down-regulation of clock proteins expression was observed in
the odontoblasts of the crown-analogue side. In contrast, root analogue odontoblasts
continue to express clock proteins (Fig. 4). Comparison of the two dentin portions (crown
versus root-analogue) at the ultra-structural level has revealed that differences occur in the
morphology of the secretory granules of the odontoblast layer (Beertsen and Niehof, 1986).
Therefore, differences in clock proteins expression levels may reflect differences in the
composition of the non-collagenous matrix between the two dentin portions. In molar teeth
clock genes were expressed in both crown and root odontoblasts. Differential gene
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expression has been described in molar versus incisor odontoblasts (Xing et al., 2007). Our
study supports the idea that mouse incisors may have different root patterning mechanisms
from molars, potentially due to different genetic signals. More studies are needed to clarify
the potential role of clock genes differential expression in the root-analogue versus the
crown-analogue of the mouse incisor and the differences of expression between molar and
incisor odontoblasts.

In conclusion, our results show that the main clock genes known to control circadian
rhythms and related functions in many tissues, Bmal1, Clock, Per1 and Per2 are expressed
in teeth. Clock protein expression was found preferentially in matrix secreting cells i.e.
ameloblasts, odontoblasts and osteoblasts but not in cementoblasts. These results suggest
that the clock genes may be involved in the regulation of ameloblast and odontoblast
functions, such as enamel and dentin matrix protein secretion and biomineralization.
However, the clock genes studied here may not play a role in early tooth development.

3. Experimental procedures
3.1. RNA isolation and PCR

The animal use was approved by the Animal Welfare Committee of the University of
Michigan. The teeth and brain tissue were isolated from day 1 post-natal mice (Charles
River, Wilmington, MA). Total RNA was isolated from the freshly excised dental and brain
tissues using TRIzol (Invitrogen, Carlsbad, CA), and 2 μg of RNA was reverse transcribed
with TaqMan reverse transcription reagents (Applied Biosystems, Branchbury, NJ),
following the manufacturer’s recommendations. The resulting cDNA was then amplified by
RT-PCR using AmpliTaq Gold DNA Polymerase (Applied Biosystems). RT-PCR
amplifications were performed at 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s using
specific primers for β-actin, Bmal1, Clock, Per1 and Per2. The design of the primers was
based on published mouse cDNA sequences (Table 1). The RT-PCR products were
subcloned into pGEM-T Easy vector (Promega, Madison, WI) and RNA expression was
confirmed by sequencing.

3.2. Immunohistochemistry and imaging
For immunohistochemistry, serial sections (7 μm thick) of E13, E17, P4 and P21 mouse
head were used. The endogenous peroxidase activity was blocked with 2% hydrogen
peroxide in methanol for 20 min. Sections were then blocked for 1 h with 10% goat serum in
PBS and incubated for 1 h with Rabbit anti-BMAL1 (1:500, NB300-596, Novus Biologicals,
Littleton, CO), or rabbit anti-CLOCK (1:500, PA1-520, Thermo Scientific, Rockford, IL), or
rabbit anti-PER1 (1:200, ab3443, Abcam, Cambridge, MA), or rabbit anti-PER2 (1:200, LS-
C2836, Lifespan Biosciences, Seattle, WA). After that, the rabbit IgG Vectastain ABC kit
(Vector Laboratories, Burlingame, CA) were used following manufacturer’s instruction. All
slides were developed in parallel using Vector NovaRED substrate kit (SK-4800, Vector
Laboratories) or peroxidase substrate kit DAB (SK-4100, Vector Laboratories), and the
reaction was stopped before detection of nonspecific staining in control pre-immune serum-
treated sections. Sections were then mounted and photographed on an Olympus microscope.
As negative controls, both only primary antibodies and only secondary antibodies were
used. Normal rabbit IgG instead of the primary antibodies was also used for determination
of nonspecific binding of antibodies.
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Figure 1.
Expression of clock genes RNAs in teeth and brain at post-natal (PN) day 1. Conventional
RT-PCR showed that Bmal1, Clock, Per1, and Per2 RNAs are expressed in mouse teeth as
well as in the brain. No amplification bands are detected in negative control samples
(omission of cDNA) (A). β-actin was also amplified using the same cDNA and served as a
positive RT-PCR control (A). Real time PCR was performed to quantify the relative
expression levels of Bmal1, Clock, Per1 and Per2 in teeth versus the brain (B–E). Of
interest, Bmal1, Clock and Per1 RNA expression levels were relative higher in teeth than in
brain (B–D). In contrast, Per2 expression was higher in brain (E). All data were normalized
to β-actin. Data were expressed as means ± SD at four determinations. NC, negative control.
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Figure 2.
Expression of clock proteins in mouse teeth at E14, E15 and E17. None of the four clock
proteins can be detected in teeth bud and cap stages as shown here for E14 (A) and E 15 (F)
(B–E and G–J). Clock protein expression in teeth was first detected at E17 (K–N). Bmal1
protein was expressed in ameloblasts, and odontoblast (K) as well as in alveolar bone
osteoblasts (K). Clock is detected in ameloblasts and odontoblasts but also in dental pulp
cells (L). Per1 protein expression was the strongest among the four proteins characterized,
being strongly expressed in ameloblasts, odontoblasts, dental pulp, and stratum intermedium
cells (M). Per2 showed similar localization with Clock but relatively stronger expression
levels (N). Ameloblasts, odontoblasts and dental pulp cells were positive for Per2. Star
indicated positive expression of Bmal1 in osteoblast (K). ab, ameloblast; od, odontoblast, de,
dental epithelium; dm, dental mesenchyme;. HE, Hematoxylin-Eosin; Scale bars = 50 μm.
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Figure 3.
Bmal1, Clock, Per1 and Per2 expression in mouse teeth at P4. Bmal1 was expressed in the
nucleus of ameloblasts and odontoblasts (A and E). Bmal1 protein was not uniformly
localized in ameloblasts and odontoblasts and some cells were devoid of staining (A, E).
Clock, Per1 and Per2 proteins were strongly detected in the nucleus of ameloblasts and
odontoblasts (B–D and F–H). Clock protein was also detected in some of the osteoblasts in
the alveolar bone (F), and Per1 was also strongly expressed in dental pulp cells at this stage
(G). ab, ameloblast; od, odontoblast. Scale bars = 100 μm in A–D, 20 μm in E–H.

Zheng et al. Page 8

Gene Expr Patterns. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Per2 expression in mouse incisor (A) and molar (B–C) at PN21 stage. Per2 showed distinct
expression pattern at the root-analogue versus the root-analogue side in the incisor (A). Per2
was detected in root odontoblasts and ameloblasts (A, black arrowheads). In contrast, Per2
protein expression was low/undetectable in the odontoblasts of the crown-analogue side (A,
black arrows). Dental pulp was devoid of staining in both incisors and molars (A–B).
Odontoblasts in first molars were strongly stained for Per2 (B, black arrowheads). Per2
showed relatively weak expression in periodontal dental ligament (PDL) cells when
compared with odontoblast expression (B–C). Epithelial rests of Malassez (ERM) showed
strong expression of Per2 within the PDL space (C, black arrows). Per2 proteins are also
detected in the nucleus of the osteoblasts and osteoclasts in the alveolar bone (C, white
arrows). No Per2 protein expression is detected in cementoblasts (C, white arrowheads).
ERM, epithelial rests of Malassez; od, odontoblasts; Scale bars = 200 μm in A, 100 μm in B,
20 μm in C.

Zheng et al. Page 9

Gene Expr Patterns. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zheng et al. Page 10

Table 1

Primers sequences for RT-PCR

Gene name 5′- Sequence -3′ Product size (bp) GenBank Number

β-actin Forward
Reverse

AAGTACCCCATTGAACACGG
ATCACAATGCCAGTGGTACG

257 NM_031144

Bmal1 Forward
Reverse

CCAAGAAAGTATGGACACAGACAAA
GCATTCTTGATCCTTCCTTGGT

81 BC025973

Clock Forward
Reverse

CAAAATGTCACGAGCACTTAATGC
ATATCCACTGCTGGCCTTTGG

84 MMAF000998

Per1 Forward
Reverse

AAACCTCTGGCTGTTCCTACCA
AATGTTGCAGCTCTCCAAATACC

74 NM_011065

Per2 Forward
Reverse

ATGCTCGCCATCCACAAGA
GCGGAATCGAATGGGAGAAT

72 NM_011066
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