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Abstract

Dentine- and enamel-forming cells secrete matrix in consistent rhythmic phases, re-
sulting in the formation of successive microscopic growth lines inside tooth crowns
and roots. Experimental studies of various mammals have proven that these lines
are laid down in subdaily, daily (circadian), and multidaily rhythms, but it is less clear
how these rhythms are initiated and maintained. In 2001, researchers reported that
lesioning the so-called master biological clock, the suprachiasmatic nucleus (SCN),
halted daily line formation in rat dentine, whereas subdaily lines persisted. More re-
cently, a key clock gene (Bmall) expressed in the SCN in a circadian manner was also
found to be active in dentine- and enamel- secretory cells. To probe these potential
neurological and local mechanisms for the production of rhythmic lines in teeth, we
reexamined the role of the SCN in growth line formation in Wistar rats and investi-
gated the presence of daily lines in Bmall knockout mice (Bmal1™"). In contrast to the
results of the 2001 study, we found that both daily and subdaily growth lines per-
sisted in rat dentine after complete or partial SCN lesion in the majority of individuals.
In mice, after transfer into constant darkness, daily rhythms continued to manifest
as incremental lines in the dentine of each Bmall genotype (wild-type, Bmal*’~, and
Bmal1™”"). These results affirm that the manifestation of biological rhythms in teeth
is a robust phenomenon, imply a more autonomous role of local biological clocks in
tooth growth than previously suggested, and underscore the need further to elu-
cidate tissue-specific circadian biology and its role in incremental line formation.
Investigations of this nature will strengthen an invaluable system for determining
growth rates and calendar ages from mammalian hard tissues, as well as documenting

the early lives of fossil hominins and other primates.
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1 | INTRODUCTION

Mammalian teeth preserve precise records of their development
in the form of permanent incremental growth lines in dentine and
enamel. These lines may show periodicities ranging from ~5-12 hr
(subdaily lines), 24 hr (circadian/daily lines), to 2-12 days (long-period
lines) (Okada, 1943; Bromage, 1991; Ohtsuka and Shinoda, 1995;
Smith, 2006; Kierdorf et al., 2013, 2019). Incremental lines can be
counted to determine the age of juvenile primates at death, which
may be accurate to within a few days or weeks of the actual age
(Schwartz et al., 2006; Smith and Tafforeau, 2008; Antoine et al.,
2009; Smith, 2013). Other broad applications include assessing diet
transitions, estimating tooth eruption ages in deceased and extinct
primates, and determining the age of developmental disruptions
(e.g. Humphrey et al., 2008; Kelley and Schwartz, 2010; Austin et al.,
2013; Smith and Boesch, 2015). Despite the increasing number of
such studies by evolutionary anthropologists and oral biologists (re-
viewed in Smith, 2008, 2013), fundamental questions remain about
how incremental growth line timing is established and maintained,
as well as why long-period line rhythmicity varies across primates
(Dean, 1995; Smith, 2006, 2008; Bromage et al., 2009; Lacruz et al.,
2012; Mahoney et al., 2018).

Many physiological and behavioral processes exhibit circadian
rhythmicity, including hormone secretion, metabolism, growth, and
sleep, which are controlled by internal biological clocks (reviewed
in Mohawk et al., 2012; Neumann et al., 2019). The suprachiasmatic
nucleus (SCN), a network of neurons located in the brain’s anterior
hypothalamus, is often referred to as the master biological clock. The
SCN has the ability to adjust local biological clocks located in organs
and cells throughout the body, and is cued by light levels absorbed
by the retina (Ferguson and Cottrell, 2002; Takahashi et al., 2008;
Dibner et al., 2010). At a molecular level, biological clocks consist
of a network of clock genes and transcription factors operating in
a transcriptional-translational feedback loop (TTFL) (reviewed in
Takahashi et al., 2008). The TTFL occurs within the cytoplasm and
nucleus of individual cells within the SCN as well as in local biological
clocks, lasts approximately 24 hr, and controls the transcription of a
variety of evolutionarily conserved genes (Lee et al., 2011; Mohawk
et al., 2012; Papagerakis et al., 2014; Zheng et al., 2014).

2 | BACKGROUND

2.1 | Experimental research on rodent odontogenic
rhythms

Scholars have recently posited that incremental growth lines in
dentine and enamel represent the output of biological clocks (e.g.
Lacruz et al., 2012; Zheng et al., 2014). Support for this hypothesis
comes from the work of Ohtsuka and Shinoda (1995) and Ohtsuka-
Isoya et al. (2001). Ohtsuka and Shinoda (1995) injected 97 rat pups
with nitrilotriacetate lead (Pb-NTA) at 4- to 7-day intervals to cre-

ate known time-markers in the developing teeth. The rats were
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sacrificed 5-50 days after birth, and the dentine of the maxillary
incisors was examined. The authors found evidence for two types
of incremental lines, each made up of a narrow (dark) band and a
broader (light) band. Daily lines showed a spacing of 16-24 pum,
whereas subdaily lines were spaced 6-8 um apart at an occurrence
of 3 lines per day. These subdaily lines first appeared at the age of
7-10 days, whereas daily lines began to appear at 12-15 days of age.
The authors reasoned that this timing was consistent with the devel-
opment of many other physiological circadian rhythms. Importantly,
they also stated that the initial appearance of daily lines in the 2nd-
3rd week of postnatal life occurred when the rat brain was near-
ing maturation, pointing to its potential regulatory role for circadian
rhythms in teeth.

Ohtsuka-Isoya and colleagues subsequently examined incre-
mental growth line formation in the dentine of rats that were sub-
ject to surgical manipulation of the SCN (Ohtsuka-Isoya et al., 2001).
They reported that in SCN-lesioned individuals, circadian locomotor
behavior patterns ended after surgical manipulation, and that cir-
cadian lines permanently ceased formation as well. In some cases,
their surgeries did not produce a complete lesion, resulting in either
normal circadian line formation or a temporary loss of daily lines that
was restored upon transfer to constant light conditions. Subdaily
rhythms appeared to be more robust, as they were present in sev-
eral individuals with either complete or partial SCN lesions. In one of
three completely lesioned rats, subdaily line formation ceased until
1 week after the surgery, at which point 12-hr lines were observed
prior to sacrifice.

These results point to the importance of the SCN, as well as a
local biological clock, in growth line formation—findings that are
consistent with recent reports that components of the TTFL are
expressed in a circadian pattern within isolated enamel-forming
cells (ameloblasts) (Zheng et al., 2011; Lacruz et al., 2012). One such
component is the Brain and Muscle ARNT-Like 1 (Bmall) gene, a tran-
scription factor originally identified in the SCN (Bunger et al., 2000).
The resulting protein BMAL1 shows a circadian rhythm in the SCN
that peaks at night and decreases with exposure to light (Tamaru
et al., 2000). BMAL1 works in concert with the transcription factor
CLOCK to regulate the transcription of other key clock genes within
a much larger complex network of molecules (Takahashi et al., 2008;
Takahashi, 2017).

2.2 | Biological clock mutants

Pioneering experimental research in the 1990s showed that her-
itable mutations in the Clock gene lengthened the typical circa-
dian periodicity of wheel-running activity in laboratory-bred mice
(Vitaterna et al., 1994). Another biological clock mutant mouse
strain, Bmall (i.e. Bmall™"), showed complete loss of circadian
rhythms in locomotor activity and altered molecular transcription
upon transfer to constant darkness (Bunger et al., 2000). While
the Bmal1™™ mice lost circadian rhythmicity, heterozygotes main-

tained rhythmicity—showing no difference from wild-type mice.
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Importantly, the authors also analyzed the pattern of Bmall ex-
pression in the SCN, as well as in the liver, which is a well known
local biological clock. Bmal1™™ mice lost rhythmic expression of
clock genes in both SCN and liver regions, suggesting global dis-
ruption of circadian biological clocks.

Zheng et al. (2011) reported that Bmall is expressed in den-
tine- and enamel-forming cells beginning at the bell stage of tooth
formation at mouse embryonic day 17 (E17). Isolated and cultured
enamel-forming cells show rhythmic activity of the main biological
clock genes, including Bmal1 (Lacruz et al., 2012; Zheng et al., 2013).
Moreover, Zheng et al. (2013) demonstrated that within enam-
el-forming cells in vivo, Bmall expression differed between the
morning and evening—leading us to posit that Bmal1™~ mice may be
a useful model to explore the local mechanism that may lead to in-
cremental growth line formation in teeth.

Here we revisited the roles of the SCN and putative local bio-
logical clocks during dentine formation. Using an experimental
lead-labeling technique devised for marking time during dentine
development, we first replicated the study of Ohtsuka-Isoya et al.
(2001). We then applied this time-marking technique to study in-
cremental line formation in the dentine of Bmal1™~ mice. We tested
the hypotheses that lesion of the SCN in rats would end daily in-
cremental line formation, and that mice without Bmall expression
would replicate this reported SCN lesion phenotype by also failing to
form daily incremental lines. To our knowledge, this represents the
first attempt to assess the presence and periodicity of incremental
lines in one of the most well studied clock mouse mutants, which is
foundational to characterizing this important mutant as well as the
precise clock mechanisms regulating the development of mammalian
teeth.

3 | METHODS
3.1 | SCN lesions

Thirteen Wistar rats about 7 weeks old and weighing 176-200 g
were purchased from Charles River Laboratories. Rats were individ-
ually housed and acclimated to a normal 12:12 hr light/dark cycle for
2 weeks before the experiment, and food and water were provided
ad libitum. To determine the role of the SCN in incremental line for-
mation, rats were subjected to three treatments: non-surgical con-
trol, sham SCN surgery, and SCN lesion (Table 1). Following Ohtsuka
and Shinoda (1995), all rats except the non-surgical control rat were
injected subcutaneously with lead nitrilotriacetic acid (Pb-NTA,
2 mg/kg, pH ~7.4) to create known time-markers in the developing
incisors. Three injections were given at approximately the same time
5 days prior to surgery, on the day of the surgery, and 7 days after
surgery, followed by sacrifice 4 days later.

On the day of the surgery, six rats underwent a SCN lesion pro-
cedure consistent with the protocol of Ohtsuka-Isoya et al. (2001).
Rats were anesthetized with isoflurane, placed in a stereotaxic

frame, and the dorsal surface of the skull was exposed and cleaned.

ANATQICH, [Tl Wi v

TABLE 1 Experimental treatment groups for the rat SCN lesion
study

Group n Treatment

Control 1 No lead injections, no surgery,
no light manipulations

Sham 6 Lead injections, sham surgery,
light manipulations

SCN lesion 6 Lead injections, surgery, light

manipulations
3 complete bilateral lesions
2 partial unilateral lesions

1 posterior hypothalamus
lesion

The SCN was targeted bilaterally (anterposterior [AP] - 0.7 mm, me-
diolateral [ML] £ 0.2 mm, dorsoventral [DV] - 9.4 mm, all coordinates
from bregma with level skull) with an insulated nichrome wire (Leico
Industries Inc.). Insulation (0.5 mm) was scraped from the electrode
tip prior to surgery. Once the electrode was lowered into position,
anodal current (0.3 mA) was passed through the wire for 3 min. The
electrode was then slowly raised out of the brain and the procedure
was repeated for the other hemisphere. The resulting holes in the
skull were then filled with bone wax, and the skin above the skull was
sutured. Six additional rats underwent a sham surgery wherein no
current was passed through the wire used to destroy the brain tissue
in the other six rats. In these sham control rats, the wire was inserted
just dorsal to the SCN so as not to damage this structure.

Following surgery, the 12 rats were transferred to constant light
conditions to eliminate external circadian cues. Seven days after sur-
gery, rats were given the third and final injection of Pb-NTA. Four
days after this final injection, the rats were sacrificed by perfusion
through the left cardiac ventricle with a fixative solution containing
2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.2) under excessive pentobarbital sodium anesthesia.
Following sacrifice, brains, mandibles, and maxillary bones were
dissected out and fixed by immersion in the same fixative solution
as above for 48 hr. Brains were sectioned to verify the position of
lesions (Figure S1). These experiments were approved by the Animal
Research Ethics Board at the University of Saskatchewan (J. C.
Boughner: protocol 20110008).

3.2 | Biological clock knockout mice

Bmal1*~ mice on a C57BL/6 background (stock #009100) were
purchased from Jackson Laboratory and crossed to produce
Bmal1™~ mice and control genotypes. PCR-based genotyping of
the offspring was performed according to the methods of Bunger
et al. (2000). Mice were housed in 12:12 hr light/dark conditions,
provided food and water ad libitum, and acclimated to the ex-
perimental space for 1-2 weeks before beginning the experiment.

To assess the differences in incremental line formation between
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Experiment Genotypes Event Age (days)

Replicate 1 WT, Het, Homo Injection 1 59
Injection 2° 63
Injection 3 67
Injection 4 71
Sacrifice 75

Replicate 2 Het, Homo Injection 1 139
Injection 2° 143
Injection 3 150
Sacrifice 153

PAPAKYRIKOS ET AL.

TABLE 2 Treatment for the Bmall mice

Interval (days) experiment

A D N b

Note: Single littermates that underwent the same experimental treatment were used in each

+/- -/-

replicate. WT = wild-type, Het = Bmal1™", Homo = Bmal1™".

#Mice transferred to constant darkness until sacrifice.

FIGURE 1 Incremental growth lines in rodent incisor dentine:
concentric lines indicated with white arrows. (a) Hematoxylin-
stained, undecalcified transverse section from a mandibular
incisor of a 23-day-old wild-type mouse (C57BL/6J background):
En = enamel, De = dentine, Am = ameloblasts, Od = odontoblasts.
(b) Right mandible of a mouse, showing the section plane for (a)
and Figures 3-8. Sections were cut in approximately the same
region below the first molar, as this includes dentine deposited
during the duration of the experiment. (c) Polarized light image

of hematoxylin-stained, decalcified section from the tip of a rat
incisor. (d) Polarized light image of unstained, undecalcified section
from the tip of a rat incisor. Scale bars: (a,c,d) 200 pm; (b) 2 mm

Bmal1™"", Bmal*"~, and wild-type mice, five individuals were given
three to four intraperitoneal injections of Pb-NTA at 4- to 7-day in-

tervals (Table 2). Injections were given at approximately the same

time every day. After the second injection, mice were transferred
from a 12:12 light/dark cycle to constant darkness until sacrifice.
Three to four days after the last injection, mice were sacrificed
by CO, overdose and cervical dislocation. The mandibles and
maxillae were dissected out and fixed in 2.5% glutaraldehyde at
4°C for 48 hr. These experimental procedures were approved
by the Institutional Animal Care and Use Committee at Harvard
University (T. D. Capellini: protocol 13-04-161-2).

3.3 | Incremental line and lead label visualization

To determine first whether SCN lesion affected the internal mor-
phology of the rat incisors, we prepared hard tissue sections from
each of the three experimental groups (lesion, sham surgery, non-
surgical control). Samples for hard tissue sectioning were soaked
in methyl methacrylate (MMA) monomer for 3 days and then em-
bedded in catalyzed MMA in a 48°C oven for 3 days. Embedded
incisors were cut transversely (Figure 1) using an Isomet low-speed
diamond saw, and 0.6- to 1.0-mm-thick sections were removed.
These sections were polished with 1 pm alumina suspension, glued
to a microscope slide with UV curing resin, ground to a final thick-
ness of 30-100 pm, polished, and coverslipped using DPX mount-
ing media.

To visualize the lead labels and incremental lines together, rat
hemi-mandibles and hemi-maxillae were decalcified for 2-5 weeks in
0.5 M ethylenediaminetetraacetic acid (EDTA) and 5% sodium sulfide
following the protocol of Ohtsuka and Shinoda (1995). The solution
was changed daily to speed up decalcification. Once decalcified, the
samples were rinsed with running water and phosphate-buffered sa-
line (PBS), and then washed in 5% sucrose before refrigeration in a
30% sucrose solution overnight. Samples were then transferred to
a 1:1 ratio of 30% sucrose and optimal cutting temperature com-
pound (OCT) the following day, and stored overnight in a refrigera-
tor at 4°C. Next, the samples were embedded in OCT and frozen at
-80°C overnight. Frozen samples were cut transversely using a cryo-

stat in order to produce 20-pm-thick sections, which were kept at
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-20°C or 4°C until staining. The sections were then dried and rinsed
in distilled H,O to remove excess OCT, and treated with 0.1% gold
chloride for 20 min, followed by 5% sodium thiosulfate for 20 min.
Finally, sections were stained with either Carazzi’s or Harris's he-
matoxylin to enhance the lead labels and incremental growth lines
before mounting with AquaMount.

Histological sections were imaged under transmitted light with
varying degrees of polarization using an Olympus BX51 transmitted

— 60
— 50
— 40
— 30
— 20
— 10

FIGURE 2 Elemental image of lead (Pb) in a longitudinal section
of an undecalcified maxillary incisor and surrounding bone from a
wild-type mouse injected three times with Pb-NTA. Color scale is in
parts per million
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light microscope (Figure 1). A MicroPublisher 5.0 digital camera and
Olympus MicroSuITeE imaging and analysis software were used to
photograph and quantify the spacing between lead labels and in-
cremental lines. A.M.P. and T.M.S. independently verified the pres-
ence of incremental lines in rodents from each treatment group and

condition.

4 | RESULTS
4.1 | Validation of experimental manipulation

Because Appleton (1991) and Hillson (2014) have expressed doubt
about the retention of lead in the experimental lines produced by
the labeling protocol of Ohtsuka and Shinoda (1995), we performed
laser ablation-inductively coupled plasma mass spectrometry fol-
lowing the protocol outlined by Austin et al. (2013) on an embedded
longitudinal section of a maxillary incisor from a wild-type mouse
(C57BL/6J) background). The mouse, part of an initial proof-of-
concept study, had been injected subcutaneously 3 times at 5-day
intervals with Pb-NTA as described above. The presence of three

discrete bands of elevated lead values confirmed that this labeling

FIGURE 3 Transverse sections of rat incisors cut below the first molar from each treatment group of the SCN lesion study. (a,e)
Decalcified section showing three lead labels; their clarity varies due to subtle planar obliquity. (b,f) Undecalcified incisor from an untreated
control rat. (c,g) Undecalcified incisor from a sham surgery rat. (d,h) Undecalcified incisor from a rat with a SCN lesion. Note the strong
circumferential lines in the thick undecalcified sections shown in (b-d) (white arrows in magnified images f-h). Lead labels are not evident
in (c,d,g,h), although these individuals were subject to the same injection schedule as the individual in (a) and (e). Scale bars: (a-d) 500 pm;

(e-h) 100 pm



PAPAKYRIKOS ET AL.

FIGURE 4

Incremental lines in decalcified sections from rats subject to various treatment conditions. (a) Untreated control rat. Note

the wide horizontal light/dark banding pattern near the top of the section (black arrows) and the finer horizontal lines in the middle to
bottom of the section (white arrows). It was not possible to confirm the timing of incremental lines as lead labels were not administered to
this individual. (b) Sham surgery rat showing ~14 closely spaced growth lines (white arrows) between labels 2 and 3. (c) Sham surgery rat
showing ~7-8 widely-spaced increments (black arrows) between labels 2 and 3. A faint approximately circadian pattern continues between
label 3 and sacrifice. Sham surgery rats in (b) and (c) were subject to the same treatment protocol: injection 1; 5 days later - injection 2, sham
surgery, and transfer to constant light; 7 days later - injection 3; 4 days later - sacrifice. Scale bars: (a,c) 100 pm; (b) 200 um

FIGURE 5 Decalcified section of a rat subject to lesion posterior
to the SCN showing increasingly finer incremental rhythms ranging
from daily (5 lines over 5 days: labels 1-2) to subdaily (~13 lines over
7 days: labels 2-3, followed by ~11-12 lines over 4 days: label 3 to
sacrifice). Scale bar: 100 pm

approach deposits lead in mineralizing tissues, including the maxil-
lary bone (Figure 2).
Visual inspection of incisors sectioned in the same plane

and position from the non-surgical control, sham surgery, and

SCN-lesioned rats verified that these teeth were structurally
sound and that neither hard tissue processing nor demineralization
affected the ability to detect incremental growth lines (Figure 3).
Further, no obvious pathologies or structural deviations were ob-
served in the sections, although an accentuated line was often
observed following the surgical procedure. Notably, incremental
growth lines were often clearer in mineralized sections than in
demineralized sections. This enhanced clarity may relate to the
greater thickness of the mineralized sections, leading to optical
superimposition of increments located above and below the focal
plane. Importantly, we could not quantify the periodicity of incre-
mental lines in mineralized sections because the lead lines that
serve as time markers are not visible prior to decalcification and
staining. This demineralization requirement also prevented analysis
of incremental lines in enamel.

4.2 | SCN lesions
4.2.1 | Non-surgical control rat

Incremental growth lines similar to the daily and subdaily lines il-
lustrated by Ohtsuka-lsoya et al. (2001) were visible in the non-sur-
gical control. Thick, widely spaced, dark-stained hematoxylin bands
were seen in the outer portion of the incisor; these grew fainter
towards the inner portion (Figure 4a). Distinct closely-spaced in-
cremental lines were apparent in the lingual portion of the incisor
near the pulp chamber. It was not possible to quantify the temporal
nature of these lines, as this individual had not been injected with

lead labels.
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4.2.2 | Sham surgery rats

In all sham surgery rats, daily growth lines were observed be-
tween lead labels 1 and 2, demonstrating that daily lines were
present prior to the sham surgery (performed on the day of the
second injection). Daily lines were detected between labels 2 and
3 in the majority of the rats subject to a sham surgery (Figure 4c)
and were clearly seen between the 3rd label and the day of sacri-
fice in half of these rats, whereas in the other half, the daily lines
were more ambiguous. Subdaily lines with a repeat interval of less
than 24 hr were seen in all experimental intervals, although these
subdaily lines were not as well defined prior to the sham surgery
(Figure 4b).

4.2.3 | Rats with unilateral or posterior lesions

Post hoc neuroanatomical analysis confirmed that three of the six
intended SCN lesion surgeries were partial; two rats received a
unilateral lesion and one rat received a lesion of the hypothalamus
posterior to the SCN. In both rats with the unilateral lesions, daily
and subdaily lines were present before and after the surgery. The rat
with the posterior lesion showed clear daily lines pre-surgery, and
strong subdaily lines with a repeat intervals of ~2 and ~3 lines per
day post-surgery (Figure 5). Other sections from this individual con-
firmed the presence of daily and subdaily lines within each interval
prior to sacrifice.

4.2.4 | Complete SCN lesion rats

Post hoc neuroanatomical analysis confirmed that three rats received
complete lesions of their SCNs. Daily growth lines were present be-
fore the surgery; these lines were similar in clarity and spacing to the
lines seen in all other treatment groups. After the SCN lesion, daily
lines were fainter (Figure 6), yet still seen in two of these three rats.
Subdaily lines with a repeat interval of approximately 12 hr were pre-
sent in all three rats before and after complete surgical lesion of the
SCN (Figure 7).

4.3 | Biological clock knockout mice

Four daily lines were detected between all labels in the wild-type
mouse, and these lines remained clearly visible after transfer to con-
stant darkness following the 2nd injection (Figure 8a). In some wild-
type mouse sections, faint subdaily lines were apparent between
intervals. Daily incremental lines were also detected in both Bmal*"~
mice (Figure 8b) and both Bmal1™~ mice (Figure 8c), and these lines
persisted after transfer to constant darkness. Subdaily lines were evi-
dent in the two Bmal1l™™ mice, although it was not possible to deter-
mine their repeat interval due to variable clarity of these lines in the

incisor tissue sections.

FIGURE 6 Decalcified section of a rat subject to a complete
SCN lesion showing daily lines (white arrows). (a) Overview of
region (black box) shown below photographed (b) in focus and (c)
out of focus. (c) Shows 5 daily lines between labels 1-2, 7 daily lines
between labels 2-3, and 4 daily lines between label 3 and sacrifice.
Scale bars: (a) 500 pm; (b,c) 200 pm

5 | DISCUSSION

5.1 | Presence of rhythmic growth increments in
teeth

Experimental studies of rodents and primates conclusively demon-
strate that daily growth lines form as a result of the secretory activity
of dentine- and enamel-forming cells (odontoblasts and ameloblasts,
respectively) (e.g. Okada, 1943; Shinoda, 1984; Bromage, 1991,
Ohtsuka and Shinoda, 1995; Smith, 2006). Our results from both
rats and mice are consistent with these previous findings. Early

work implicated physiological rhythms in pH, calcium/phosphate
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FIGURE 7 Subdaily incremental lines in decalcified sections from rats with complete SCN lesions. (a) ~10-12 lines (white arrows)
between label 3 and sacrifice (4 days apart). (b) ~12-14 lines between the surgery/label 2 and label 3 (7 days apart). Scale bar: (a,b) 100 pm

FIGURE 8 Daily growth lines in decalcified sections from wild-
type, heterozygous and homozygous Bmall mice from replicate 1.
Numbers and dotted white lines denote lead labels every 4 days,
followed by sacrifice 4 days later. Mice were transferred from
12:12 light/dark cycle into constant darkness after injection 2. (a)
Bmal1”* mouse, (b) Bmal1”~ mouse, (c) Bmall™~ mouse. Scale bars:
(@) 200 pm; (b,c) 100 pm

levels, and collagen composition/orientation as proximate causes of
growth lines (Okada, 1943; Shinoda, 1984; Boyde, 1989). Ohtsuka
et al. (1998) conducted an elegant experimental study of rat dentine
with hydroxyproline, a labeled version of the essential amino acid
proline used in collagen synthesis. Her team found that the pair of
alternating dark and light bands that make up each daily incremental

line relate to regions of collagen that are rapidly secreted during the
environmentally light period (diurnal resting time) and more slowly
during the dark period (nocturnal active time). Moreover the rhyth-
mic dark-stained hematoxylin bands—reflecting areas of increased
acidity—also indicated circadian shifts in pH. They suggested that
rapid diurnal collagen synthesis may be followed 8-12 hr later by a
peak in dentine mineralization during the nocturnal period—imply-
ing different rhythmic processes over the course of a single day of
dentine formation.

We also found incremental lines with repeat intervals of ~2-3
lines per day in rats (as well as in some mice), which were typically
clearest after the SCN surgery (2nd lead label: Figures 4b, 5,7b). This
is consistent with recent work suggesting that after modification of
the SCN, subdaily rhythms persist and may become more robust (re-
viewed in Wu et al., 2018). Subdaily lines were also very clear in the
middle and last-formed portions of sections from the control and
sham rat incisors, supporting the natural expression of these lines.
Others have experimentally demonstrated the presence of subdaily
lines with a periodicity of ~2 or ~3 lines per day in rabbit and primate
hard tissues (reviewed in Ohtsuka and Shinoda, 1995; Smith, 2006).
Even more frequent rhythmic lines on the order of 5 lines per day
have been demonstrated in sheep and pig enamel (Kierdorf et al.,
2013; 2019).

Ohtsuka and Shinoda (1995) suggested that subdaily dentine lines
could result from initial rhythms in dentine secretion, or subsequent
dentine mineralization rhythms, but that further information was
needed to distinguish between these two possibilities. We concur
with this, particularly given the difficulty of visualizing subdaily lines
consistently (discussed and illustrated for primate enamel in Smith,
2006). For example, our rodent sections showed subdaily lines more
commonly in the last 1-2 weeks of dentine formation relative to the
preceding week or more. We question whether EDTA penetrance
may be more limited in the deepest regions, leading to differences in

the degree of demineralization that could impact the appearance of
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growth lines. Determining the proximate cause of subdaily rhythms
in teeth is a considerable challenge given the limitations of current
time-marking and visualization methods. Experimental studies that
are able to probe both secretion and mineralization processes in tan-
dem, as well as future improvements in synchrotron virtual histology
(e.g. Tafforeau et al., 2007; Tafforeau and Smith, 2008), may aid in
this endeavor.

5.2 | SCN lesions

Our results on experimentally manipulated rats are only partially
consistent with previous studies. Measurements between lead
labels revealed that dentine secretion proceeded at 16.7-24.1 pm day’?,
nearly identical to the rates of Ohtsuka and Shinoda (1995), suggest-
ing that our time-marking procedure produced comparable results.
Yet our observations of the three different manipulations of the hy-
pothalamus differed from those of Ohtsuka-lsoya et al. (2001). In
both instances of unilateral SCN lesion in our study, daily growth
lines were present before and after the surgery. Ohtsuka-lIsoya et al.
(2001) reported that two unilaterally lesioned rats showed consist-
ent daily lines, whereas two other unilaterally lesioned rats showed
some disruption. One rat in our study and one rat in that of Ohtsuka-
Isoya et al. (2001) also had damage in the paraventricular region
posterior to the SCN. For the latter rat, growth lines were reported
to be absent following surgery—yet for the rat in our study, daily
lines were visible during the entire period of incisor growth prior to
sacrifice. Also, in the same rat we found distinct subdaily lines with
a repeat interval of ~2 and ~3 lines per day immediately after the
SCN surgery (2nd label in Figure 5). In contrast, Ohtsuka-lsoya et al.
(2001) reported that subdaily lines were not evident until 7 days
after surgery.

Importantly, our observations in rats with complete SCN le-
sions also differ from those of Ohtsuka-Isoya et al. (2001), who
reported that daily growth lines ceased forming immediately after
complete SCN lesion in all three rats. Our three fully lesioned
rats showed daily lines in the week following the surgery; two of
these continued until sacrifice, 4 days after the final label (11 days
post-surgery). Although daily growth lines were difficult to visual-
ize after the surgery, they could often be seen when a section was
taken slightly out of focus (Figure 6). This improved resolution may
be due to increases in the optical superimposition of incremental
lines caused by moving the focal plane just above or below the thin
slice of tissue.

In one of Ohtsuka-lsoya et al. (2001)’s three complete SCN-
lesioned rats, subdaily growth lines (~2 lines per day) appeared a
week after surgery, whereas in the other two rats, subdaily growth
lines appeared immediately after the operation. In contrast, we found
that subdaily lines were evident in all three of our rats both prior to
and immediately after surgery. Considered together, these results
suggest that a functional SCN is not necessary for the formation of
daily and subdaily growth lines, and that there is variation in the clar-

ity of these features within and between studies. It is likely that the

ANATQMICA, Tl Wi v

disparate findings of the current study and those of Ohtsuka-Isoya
etal.(2001) are at least partially due to subtle differences in process-
ing, sectioning, and/or imaging. It was evident to us that incremental
line clarity varied among individuals in the same treatment group,
among incisors from the same individual, and among serial sections
of the same incisor, potentially leading to misleading results if only a
small number of tissue sections are examined.

Ohtsuka and Shinoda (1995) postulated that daily lines do not
appear in rats until 2-3 weeks of age, which they linked to the mat-
uration of the brain (including the SCN) at 3 weeks old. However,
recent studies indicate that structural maturation of the brain of
rats may continue until about 2 months of age (Semple et al., 2013),
while the SCN matures 10 days after birth (Landgraf et al., 2014).
Intriguingly, rhythmic circadian clock gene activity begins in the SCN
around embryonic day 19 (E19) in rats and E17 in mice. While the
rats and mice included in this study were too old to explore incre-
mental line formation at such young ages, prenatal and perinatal
daily lines have been documented in humans and other primates (e.g.
Smith, 2006; Birch and Dean, 2014)—long before the maturation of
the primate brain or the establishment of circadian rhythms in some
activity cycles (Hellbriigee, 1960). Additional research is needed to
elucidate whether the initiation of incremental growth lines in ro-
dents requires a fully mature SCN, the expression of rhythmic clock

genes or another type of developmental cue.

5.3 | Biological clock knockout mice

To explore a hypothesized molecular control mechanism for rhyth-
mic growth line formation, we applied the same time-marking
method to a mouse mutant with a global disruption in a transcription
factor (BMAL1) implicated in the circadian biological clock (Bunger
et al., 2000). Previous investigations of Bmall expression in dentine-
and enamel-secretory cells used wild-type mouse strains (Zheng
et al., 2011, 2013) or isolated enamel-secretory cells (Lacruz et al.,
2012; Zheng et al., 2013). Zheng et al. (2013) reported that Bmall ex-
pression differed between the morning and evening—similar to the
rhythmic pattern of proline incorporation during collagen synthesis
documented by Ohtsuka et al. (1998). However, it has been unclear
whether rhythmic BMAL1 production influences the formation of
daily lines in dentine or enamel.

Here we demonstrated that in homozygous (Bmal1™") mice, daily
lines in dentine are present, albeit sometimes fainter than those in
wild-type and Bmal1*~ mice. Our results suggest that Bmall has
little to no role, or—perhaps more likely—a redundant role, in the
regulation of rhythmic dentine secretion in rodent tooth. This is
consistent with a recent report of circadian oscillations in both RNA
and protein synthesis in skin fibroblast and liver tissue from Bmal1™~
mice (Ray et al., 2020). Thus it appears that daily growth lines pro-
duced during dentine formation require neither a functional SCN nor
a Bmall gene.

Intriguingly, Bunger et al. (2000) reported that residual low
amplitude subdaily rhythms (5-12 hr) persisted in the locomotor
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activity of Bmal1™~ mice housed in constant darkness, and that
these rhythms were not statistically different from those of wild-

type and Bmal*’~

mice. They reviewed evidence for similar subdaily
rhythms in other biological clock mutant mice and animals sub-
jected to SCN manipulation, and concluded that subdaily rhythms
occur independent of circadian oscillators. Writing prior to our
contemporary understanding of clock genes, Newman and Poole
(1974, 1993) originally suggested that long-period (> 1 day) incre-
mental growth lines in teeth may be the result of multiple short-
er-period rhythms regularly intersecting. Recent work in molecular
biology is consistent with this hypothesis, as various transcription
factors controlled by clock genes show a wide range of cyclical ex-
pression intervals ranging from minutes to hours (Korencic et al.,
2014). Given the presence of daily lines in the dentine of SCN-
lesioned rodents and Bmall™™ mice, and the large range of subdaily
rhythms reported for mammals, it is also possible that a phenome-
non of intersecting subdaily rhythms underpins the production of
daily lines in teeth. For example, multiple 12- or 8-hr rhythms will
overlap every 2 or 3 cycles, respectively, which would lead to an
incidental 24-hr rhythm.

Our exploration of daily and subdaily increments in rodent den-
tine did not reveal the presence of rhythms in excess of 1 day, which
are well known from the dentine and enamel of primates and other
mammals (e.g. Smith, 2006; Tafforeau et al., 2007; Bromage et al.,
2009; Kierdorf et al., 2019). The repeat interval of these long-pe-
riod lines is best assessed through experimental labeling, as it can
be difficult to distinguish subdaily and daily increments from one
another—leading to errors in the determination of long-period line
repeat intervals, daily secretion rates, and crown formation times
(Smith, 2006; Kierdorf et al., 2019).

6 | CONCLUSIONS

Experimental studies have established the rhythmic cellular forma-
tion of daily growth lines in mammalian dentine, which continues
under constant lighting conditions (Shinoda, 1984; Ohtsuka-Isoya
et al., 2001; this study), as well as throughout extreme physiologi-
cal challenges (e.g. Schwartz et al., 2006; Smith, 2013; Austin et al.,
2016). However, the ultimate control mechanism responsible for
the initiation and regulation of these lines remains elusive, as den-
tine-forming cells may continue to produce daily growth lines after
the functional loss of the master biological clock in the SCN. It has
become clear from experimental work, including sequencing pro-
jects, that the regulation of both master and peripheral clocks is
hierarchical, multifactorial and more complex than initially under-
stood, with inputs from the environment as well as from within the
organism itself (reviewed in Takahashi, 2017). Future studies may
explore the importance of other regions of the hypothalamus for
the regulation of growth increments, as recent work in mice has
shown that cultured slices of neural regions adjacent to the SCN
generate subdaily rhythms that are transmitted to the SCN (Wu
etal., 2018).

PAPAKYRIKOS ET AL.

We have also shown that the lack a local rhythmically produced
transcription factor, BMAL1, did not lead to the cessation of daily
growth increments in Bmall™™ mice after transfer to constant dark-
ness. Other clock genes are known to be active during tooth forma-
tion, including Clock, Per1, and Per2 (Zheng et al., 2011; Lacruz et al.,
2012), which could be similarly explored in mutant mice strains.
Given the functional relationship between BMAL1 and CLOCK, con-
current alterations in both of these genes may have a greater influ-
ence on circadian increments in mammalian teeth. Advances in gene
editing technologies are permitting novel insights into circadian bi-
ology through targeted gene ablations (Tsuchiya et al., 2016). Finally,
others have hypothesized that the central nervous system may con-
trol incremental growth line formation through rhythmic melatonin
secretion (Kumasaka et al., 2010; Ji et al., 2011; Tao et al., 2016)—an

intriguing possibility that remains to be tested.
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