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Abstract

 

Vital labelling of hard tissues was used to examine the periodicity of features of dental enamel microstructure.

Fluorescent labels were administered pre- and postnatally to developing macaques (

 

Macaca nemestrina

 

), which

were identified histologically in dentine and related to accentuated lines in enamel, allowing for counts of features

within known-period intervals. This study demonstrates that cross-striations represent a daily rhythm in enamel

secretion, and suggests that intradian lines are the result of a similar 12-h rhythm. Retzius lines were found to have

a regular periodicity within individual dentitions, and laminations appear to represent a daily rhythm that also

shows 12-h subdivisions. The inclusion of intradian lines and laminations represents the first empirical evidence for

their periodicities in primates; these features frequently complicate precise measurements of secretion rate and

Retzius line periodicity, which are necessary for determination of crown formation time. The biological basis of

incremental feature formation is not completely understood; long-period features may result from interactions

between short-period rhythms, although this does not explain the known range of Retzius line periodicities within

humans or among primates. Studies of the genetic, neurological and hormonal basis of incremental feature for-

mation are needed to provide more insight into their physiological and structural basis.
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Introduction

 

Biological rhythms have been identified in both plants

and animals, including single-cell organisms and fungi,

and they appear to be ubiquitous in eukaryotes (reviewed

in Hastings, 1997). Rhythm periodicities may range from

a few hours to a yearly interval. The control of rhythm

is related to intrinsic (endogenous) factors (formally

referred to as ‘biological clocks’), as well as extrinsic

(exogenous) factors, which are discussed further below.

Scrutton (1978) suggested that any organism with ‘pre-

servable hard parts’ formed by a ‘continually additive

mode of growth’ may provide evidence of rhythms.

Common examples include annual rings in the trunks

of trees, or the daily or annual bands in hard tissues of

marine organisms (reviewed in Smith, 2004). This type of

evidence has proved useful for assessing chronological

age or reconstructing past environments, as well as

for documenting changes in day length millions of years

ago. Structural evidence of biological rhythms in dental

hard tissues has also been recognized for over a century,

and recent anthropological studies have used features

in enamel, dentine and cementum to make inferences

about the rate and duration of dental development,

stress experienced during development, the age or season

at death of developing individuals, and even the pace

of life history (reviewed in Dean, 2000; Smith, 2004).

Identification of known-period features is the most

fundamental aspect of analyses of hard tissue develop-

ment (Scrutton, 1978). Despite a number of illustrative

experimental studies carried out in the 1930s and 1940s

by Japanese and US researchers, certain fundamental

aspects of incremental dental development have recently

been called into question (reviewed in Boyde, 1989;

Risnes, 1990; FitzGerald, 1998; Smith, 2004). Several studies

have attempted to refute criticisms by experimentally

or deductively establishing the periodicity of incremental
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dental features, and these include a number of PhD dis-

sertations (e.g. FitzGerald, 1996; Antoine, 2000; Smith,

2004). The aim of this study is to demonstrate experi-

mentally the periodicity of several types of incremental

features found in enamel, which are defined and illus-

trated below. This is accomplished by using dental

tissues that have been labelled 

 

in vivo

 

, which provide

known-period intervals that may be identified in histo-

logical sections and used to determine the repeat

intervals of features. This study represents the most

comprehensive examination of biological rhythms

recorded in dental enamel of a single species, and

provides experimental confirmation of the validity of

results based on analyses of incremental features.

 

Background

 

Enamel development and incremental features

 

Enamel formation begins at the tip of the dentine horn,

and proceeds by apposition towards the future surface

of the tooth and by extension towards the future

cervix of the tooth. Initially, a highly organic enamel

matrix is secreted on top of a dentine framework. This

matrix is eventually replaced almost entirely by minerals,

which are arranged in crystallized bundles that make

up fundamental units known as enamel prisms. During

this process, changes in the enamel secretory rhythm,

chemical composition and/or the position of the devel-

oping enamel front are recorded as incremental features

(reviewed in Boyde, 1989; Smith, 2004). Four classes of

these features are defined and examined below: cross-

striations, intradian lines, Retzius lines and laminations

(Fig. 1).

Cross-striations are defined as light and dark bands

that cross enamel prisms perpendicularly with a common

interval of about 3–6 

 

µ

 

m, and have been described in

numerous studies. The most comprehensive model of

their formation was illustrated by Boyde (1989), who

specifically posited that they are formed every 24 h

with an orientation that is parallel to the secretory face

(Tomes’ process) of the enamel-forming cell (ameloblast)

(e.g. Boyde, 1989, fig. 7, p. 338). A second class of features

is known as intradian lines, fine bands that divide cross-

striations into two or three segments. Assuming that

cross-striations are daily features, each intradian line

Fig. 1 Illustration of three of the four classes of incremental enamel features examined in this study. Long-period Retzius lines 
run from the enamel dentine junction (EDJ, inner black border) to the surface of the enamel (outer black border). In the 
magnified box on the right, a series of cross-striations (in red) perpendicular to enamel prisms may be counted between a pair 
of Retzius lines, which yields the Retzius line periodicity. On the left, an enlarged box shows lamination (in green), running 
parallel to Retzius lines but with a much closer spacing. Due to the scale of these structures, it was not possible to illustrate 
intradian lines, which appear as small subdivisions of cross-striations (modified from Smith et al. 2003).
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must represent less than 24 h of enamel secretion.

However, their exact rhythmicity is unknown (reviewed

in Smith et al. 2003).

Retzius lines are a prominent type of internal long-

period features found in primate enamel, which may

also be seen encircling the surface of the tooth as

concentric rings or troughs (termed perikymata). These

structures are generally formed at an oblique angle to

enamel prisms (as well as cross-striations and intradian

lines), presumably due to their origin from a lateral

(shoulder) portion of the ameloblast (e.g. Risnes, 1990,

figs 12 and 13, pp. 142–143). They represent the succes-

sive positions of the enamel-forming front. The peri-

odic nature of this feature, which may be assessed by

the number of cross-striations between successive lines

and is known to vary among primates (reviewed in

Smith et al. 2003), has been one of the more contentious

topics in the study of enamel microstructure (reviewed

in FitzGerald, 1998). The final structure examined here

is a poorly known class of incremental features termed

laminations. Laminations appear parallel to Retzius lines,

and have a similar spacing to cross-striations, but they

do not tend to cross prisms perpendicularly, and may

be found in aprismatic enamel. It has been unclear how

these features relate to cross-striations or intradian

lines (Smith et al. 2003, 2004).

 

Materials and methods

 

Histological material

 

The dental material examined included 98 histological

sections of maxillary and mandibular teeth (dc, dp3, dp4,

M1) from 17 immature pigtailed macaques (

 

Macaca

nemestrina

 

), representing various developmental stages

from birth to 458 days old. The majority of the sections

were generated in the late 1970s/early 1980s as part of

study on bone growth (Newell-Morris & Sirianni, 1982;

Sirianni, 1985). Ten new sections were generated from a

left upper dp4 and M1 and a lower M1 according to

standard histological procedures (Reid et al. 1998a,b).

The lower M1 was obtained from an individual that did

not undergo fluorescent labelling (described below).

The sections were examined under transmitted, tan-

dem scanning reflected, laser confocal and fluorescent

light microscopy. Areas within sections that were

determined to be oblique to a vertical plane through

the long axis of the tooth were not used to assess the

periodicity of incremental features, owing to the likeli-

hood of interference artefacts. Sections that showed

clear growth disturbances in the enamel were identi-

fied, and disturbances were matched to labels in the

dentine using fluorescent light microscopy. Regions

showing clear incremental features in association with

confirmed labels were selected and imaged under high

magnification. The number of each specific feature

(cross-striations, intradian lines, Retzius lines, laminations)

was determined between markers, and then divided

by the injection interval (in days) to yield a periodicity

(number of features per day). Features were also related

to one another to provide additional confirmation.

 

Treatment

 

An ideal study of the periodicity of incremental features

in enamel requires a labelling protocol that leaves distinct

markers over known-period intervals (e.g. Mimura, 1939;

Schour & Hoffman, 1939; Okada, 1943). Several studies

have examined experimentally labelled macaque denti-

tions in the past few decades (Molnar et al. 1981; Newell-

Morris & Sirianni, 1982; Bromage, 1991; Dean, 1993).

The material originally used by Newell-Morris & Sirianni

(1982) was considered to be most suitable for a compre-

hensive study of incremental formation, as the individuals

were completing deciduous tooth formation and begin-

ning permanent tooth development while the labels

were administered; thus, it was used as the basis of the

current study.

During the original study on bone growth rates, indi-

viduals were injected 3–5 times with 1–3 fluorescent

labels: minocycline hydrochloride, xylenol orange and

DCAF (2,4-Bis [N,N

 

′

 

 Di (carbomethyl) aminomethyl]

fluorescein), during the final 2 months of life (Newell-

Morris & Sirianni, 1982; Sirianni, 1985). Intravenous

injections were given to pregnant females at 20–50

mg kg

 

−

 

1

 

 pregnant weight, and postnatal injection doses

were 35 mg kg

 

−

 

1

 

. Dates of conception, injections, birth

and death are given in Table 1. Although the three

labels were chosen because of their minimal effect on

bone growth, they were all apparent in the dentine

under fluorescent light microscopy (Fig. 2), although

the colours of each varied slightly depending on the

type of illumination used. Minocycline appeared to

cause the most evident growth disturbance in both the

enamel and the dentine (Fig. 3), although at these doses,

these labels did not appear to disrupt the production of

enamel increments for long; daily increments within the

injection intervals were present as expected (discussed
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Table 1 Material and treatment record of Macaca nemestrina used in this study
 

Prenatal Postnatal

CF Event Age* Interval CF Event Age† Interval

285 XO 129 – 317 M 2 –
DCAF 136 7 XO 4 2
M 143 7 DCAF 6 2
M 153 10 M 8 2
Birth 170 17 Sacrifice 8.7 0.7
XO 181 11
M 193 12 319 M 6 –
Sacrifice 199 6 DCAF 8 2

XO 10 2
296 DCAF 146 – M 12 2

XO 157 11 Sacrifice 13 1
M 167 10
Stillborn 170 3 324 DCAF 14 –

M 16 2
300 DCAF 142 – XO 18 2

XO 151 9 M 20 2
M 159 8 Sacrifice 20.9 0.9
Birth 178 19
Sacrifice 186 8 325 XO 10 –

M 12 2
302 DCAF 127 – DCAF 14 2

XO 136 9 M 16 2
M 144 8 Sacrifice 16.4 0.4
Stillborn 145 1

326 XO 18 –
303 DCAF 122 – M 20 2

XO 131 9 DCAF 22 2
M 139 8 M 24 2
Birth 160 21 Sacrifice 24.7 0.7
Sacrifice 166 6

330 DCAF 22 –
320 M 146 – M 24 2

M 153 7 XO 26 2
M 159 6 M 28 2
M 167 8 Sacrifice 28.7 0.7
Birth 172 5
M 174 2 336 M 57 –
Sacrifice 177 3 XO 59 2

DCAF 61 2
327 M 146 – Sacrifice 62.6 1.6

M 153 7
M 160 7 337 M 57 –
Birth 166 6 XO 59 2
M 167 1 DCAF 61 2
M 171 4 Sacrifice 65.4 4.2
Sacrifice 174 3

M6898  no treatment 
333 M 159 –

M 166 7
Birth not recorded?
M 172 6
XO 183 11
DCAF 197 14
Sacrifice 200 3

CF indicates the code of each individual in the original study. Event indicates administration of one of the three labels: XO = xylenol 
orange, M = minocycline hydrochloride, DCAF = 2,4-Bis [N,N′ Di (carbomethyl) aminomethyl] fluorescein, or birth, stillbirth or sacrifice.
*Age is postconception days. †Age is weeks after birth. Interval is interval between events, in days for prenatal individuals and in weeks 
for postnatal individuals.
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below). Xylenol orange and DCAF did not appear to cause

growth disturbances as frequently as did minocycline.

 

Incremental features

 

Cross-striations

 

This study provides additional support for the hypoth-

esis that features identified as cross-striations, light and

dark bands that cross prisms perpendicularly, are the

result of a 24-h secretion rhythm. Lines in enamel

matched to labels in dentine showed the same number

of cross-striations between them as days between

respective injections (Fig. 4), which was observed in

several sections from multiple individuals. This is con-

sistent with experimental studies by Mimura (1939),

Okada (1943) and Bromage (1991), and the deductive

study by Antoine (2000). Given the consistent appear-

ance and periodicity of cross-striations, counts and

measurements may be used to establish the periodicity

of other incremental features, as well as the rate and

duration of enamel formation.

 

Intradian lines

 

This study suggests that intradian lines, defined here as

thin bands that subdivide daily lines, are the result of a

12-h rhythm in enamel production. Intradian lines are

generally difficult to resolve clearly, as they may be

Fig. 2 (a,b) Laser confocal scanning microscope images of a 
deciduous third premolar. (a) Overviews of the lateral and 
cervical enamel (cervix to the left), showing the area enlarged 
and rotated in (b) (white box). (b) Enamel is the faintly 
illuminated green tissue on the left, and the dentine (on the 
right) shows five fluorescent lines that correspond to the 
series of five injections given to this individual (CF 333). Line 1 
(red/orange) represents the first minocycline injection, 
followed 7 days later by a second minocycline injection (Line 
2), 6 days later by a third minocycline injection (Line 3), 11 days 
later by a xylenol orange injection (Line XO, red) and 14 days 
later by a DCAF injection (Line DCAF, bright green). 
This animal was killed 3 days later.

Fig. 3 Fluorescence and transmitted light microscope images 
showing a series of accentuated lines (growth disturbances) 
related to minocycline injections (individual CF 327). 
Fluorescence microscopy (top image) and light microscopy 
(bottom image) of the same area showing five labels 
(numbered) in the dentine (above EDJ), which correspond 
with the same five labels in the enamel (below EDJ). The 
enamel dentine junction (EDJ) is labeled on the left, and the 
cervix is to the right of the images.
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very closely spaced and require high magnification,

which results in poorer definition of features (Fig. 5). In

some cases, it appeared that there were either two or

three intradian lines between cross-striations. However,

information from underlying layers may give the

impression of additional structures in the focal plane.

While manually focusing through sections, features

tended to shift position and number. When viewing

these regions under lower magnification with more

distinct resolution, it appeared that a single subdivision

is located in the centre of the interval between cross-

striations (implying two evenly spaced 12-h increments).

It was not possible to count intradian lines between

pairs of labels in any section, as they were generally

very localized, or not clear in long successive runs. How-

ever, it was possible to show an inclusive series of eight

intradian lines between a pair of Retzius lines in two

teeth with 4-day Retzius line periodicities, representing

additional evidence that these features have a 12-h

periodicity (Fig. 6). Daily laminations (discussed below)

also infrequently showed single subdivisions that

appeared to be equivalent to 12-h subdivisions.

Experimental work in dentine has previously con-

firmed the presence of subdaily features (Kawasaki

et al. 1977; Rosenberg & Simmons, 1980; Ohtsuka &

Shinoda, 1995; Ohtsuka-Isoya et al. 2001), which will

also be referred to here as intradian lines. Work by

Rosenberg & Simmons (1980) and Ohtsuka & Shinoda

(1995) suggested that 2–3 intradian lines are formed in

dentine per day. However, in the former study, daily

and intradian lines were typically identified in different

preparations, and were not illustrated together in the

same section. These authors contrasted the ratio of

the average subdaily repeat interval (

 

∼

 

10 

 

µ

 

m) with the

average daily repeat interval (

 

∼

 

20 

 

µ

 

m, sometimes up to

30 

 

µ

 

m) to argue for the presence of an 8-h and/or 12-h

rhythm, but they did not illustrate subdaily lines between

daily lines. Ohtsuka & Shinoda (1995) presented more

Fig. 4 Light microscope image of cross-striations in cervical enamel. In this individual (CF 300), one xylenol orange injection (XO) 
was followed 8 days later by a minocycline injection (M). Eight cross-striations (indicated by red lines) can be clearly distinguished 
between these two labels, confirming the daily nature of this feature. The cervix is to the lower left.
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Fig. 5 (a,b) Polarized light micrographs showing the relationship between intradian lines and cross-striations (individual CF 336). 
(a) High-magnification polarized light image of an area where 2–3 intradian lines (blue) are visible between cross-striations (red), 
and (b) the same area at lower magnification showing pairs of intradian lines between cross-striations. The enamel surface is at 
the top of these images.
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Fig. 6 (a,b) Transmitted light micrographs of intradian lines between Retzius lines. (a) Four cross-striations are evident along a 
vertical prism (solid arrow) between a pair of Retzius lines (dotted lines), and eight intradian lines are present within the same 
interval (open arrows, downward-pointing prisms) (individual CF 326). (b) Eight intradian lines (open arrows) between a pair of 
Retzius lines (dotted lines) (individual M6898). In both images the enamel surface is the dark diagonal line near the top, and the 
cervix is to the lower left.
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convincing evidence for intradian lines using rats injected

with lead salt markers. They showed several images

where more than two and fewer than three intradian

lines were formed per day (14 lines/5 days, 7 lines/3 days).

They also contrasted the average 16–24-

 

µ

 

m daily line

spacing with the subdaily 6–8-

 

µ

 

m spacing, which they

regarded as additional evidence for an 8-h rhythm.

Most recently, Ohtsuka-Isoya et al. (2001) illustrated

intradian lines between labels that showed a 12-h perio-

dicity, but did not report lines with an 8-h periodicity.

After their initial description in enamel by Gustafson

(1959), it appeared that intradian lines were not gen-

erally recognized and accepted until the 1990s (e.g. Dean

& Scandrett, 1996; FitzGerald, 1996). Boyde (1989) sug-

gested that they were the result of artefacts from other

layers (also noted by Antoine et al. 1999). Smith et al.

(2003, 2004) first demonstrated conclusively that they

are genuine structural phenomena by documenting

them with scanning electron microscopy (SEM) and

tandem scanning reflected light microscopy (TSRLM),

methods that are not influenced by optical artefacts

that may be present in conventional transmitted or

polarized light microscopy. However, given the variable

appearance of intradian lines, and the potential for

optical interference from light microscopy, it is suggested

that cross-striations be used preferentially for determi-

nation of rate and time instead of intradian lines.

 

Retzius lines

 

It was difficult to determine experimentally the perio-

dicity of Retzius lines. Few sections showed Retzius

lines between labels; Retzius lines were often best

defined near the enamel surface, while the labels were

often clearest near the enamel dentine junction (EDJ),

and the two generally did not extend far enough into

the mid-thickness enamel to be related to one another.

It was possible to relate Retzius lines to a known-period

interval in one section (Fig. 7). In this case, a pair of

minocycline lines was identified in the cervical enamel

and traced to the surface, representing 28 days of

enamel formation. Six complete Retzius line intervals

(seven lines in total) plus four cross-striations were seen

between these two labels. This suggests that each Retz-

ius line interval represents 4 days, which is consistent

with observations made on cross-striations between

individual pairs of Retzius lines in this individual. Where

it was possible to make counts, the number of cross-

striations between pairs of Retzius lines was equal within

a section, tooth and/or individual. This is consistent with

several large studies on human dentitions (e.g. Beynon,

1992; FitzGerald, 1996; Reid et al. 2002).

 

Laminations

 

This study demonstrates that laminations, closely spaced

bands that follow the course of the developing enamel

front, show a daily periodicity (Fig. 8). Laminations

were observed to be most common in the enamel over

the dentine horn, along the EDJ in the cervical region,

and in the outer enamel in association with aprismatic

enamel and/or Retzius lines. As noted in Smith et al.

(2003, 2004), the development of laminations in specific

regions may be related to aprismatic enamel produc-

tion or to a certain type of prism packing pattern (i.e.

Pattern 1), but this requires further study. Laminations

were also occasionally observed to show a subdivision

(Fig. 9), seen in several sections in the cervical and lat-

eral enamel at the EDJ. When it was possible to image

these subdivisions, they consistently appeared mid-way

between laminations, representing additional evidence

that a class of subdaily features is produced every 12 h.

Bromage (1991) also inadvertently provided similar

evidence of the daily nature of laminations by figuring

Fig. 7 Transmitted light micrograph of Retzius lines formed between minocycline injections (labelled M) (individual CF 326). Two to 
three cross-striations are seen between the first label and the Retzius line above it (white line labelled l), followed by six Retzius lines 
(numbered 2–7). Given that the labels were administered 28 days apart, this indicates that each interval (1–2, 2–3, 3–4, etc.) represents 
4 days. The 4-day Retzius line periodicity in this tooth can also be seen in the intervals between Retzius lines 1–2 and 2–3.
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and counting a series between labels that corresponded

to the number of days of formation (Bromage, 1991,

figs 4 and 6, pp. 208 and 210). He did not distinguish

cross-striations from laminations, although both can be

distinguished from one another in his figures. Additional

evidence for the daily nature of laminations comes from

observations in the current study that cross-striations

and laminations may be seen in register with one

another (Fig. 10), as also implied by Whittaker (1982),

Risnes (1998) and Li & Risnes (2004). Despite this finding,

laminations should not be used to determine the perio-

dicity of Retzius lines. It is suggested that the common

appearance of Retzius lines as broad dark bands is often

enhanced by the optical superimposition of laminations.

When images are optically through-focused, the

‘Retzius line’ may shift position and split into two parallel

lines (illustrated in Smith, 2004, fig. 3.16a–f, pp. 165–

167). This may result in underestimation of Retzius line

periodicity when laminations are counted as a proxy for

cross-striations (such as in Fig. 7 in the interval between

Retzius lines 2 and 3; also see Smith et al. 2003, 2004).

One possible explanation for laminations is that they

are structurally equivalent to cross-striations (Tafforeau,

2004). However, observations of focal-plane-specific

information (SEM and TSRLM) show that laminations

do not simply result from an optical illusion of cross-

striations in register (‘stairstep configuration’ seen at times

under light microscopy; e.g. Smith, 2004, fig. 1.13a–d,

pp. 53–54). Laminations generally bisect prisms obliquely,

and cannot be structurally distinguished from Retzius lines,

except for the shorter intervals between successive

laminations and the external manifestation of Retzius

lines as perikymata. It is possible that, during cross-

striation production (from the Tomes’ process of the

ameloblasts), laminations result from the circadian rhythm

manifesting across the entire enamel-forming front

(secretory ameloblasts), yet any developmental model

of lamination formation must account for their unique

orientation (relative to cross-striations), which is sug-

gested to be due to their separate and discrete origin.

The geometric relationship between laminations and

Retzius lines in enamel is similar to the relationship

between von Ebner’s (daily) lines and Andresen’s (long-

period) lines in dentine. In both instances, daily fea-

tures run parallel to long-period features. Given the

difficulty of accurately resolving successive daily lines in

dentine, cross-striations are generally used to deter-

mine the periodicity of long-period lines in both tissues

(Dean et al. 1993; Dean & Scandrett, 1996). This study

has demonstrated that the geometric relationship

between cross-striations and Retzius lines is more ideal

for assessing rate or time, as cross-striations are gener-

ally orientated at an angle to Retzius lines, and may be

less prone to optical superimposition with Retzius lines

than are laminations.

 

Biological clocks

 

The physiological basis of biological rhythms has been

extensively studied; both the eye and two specific

regions of the forebrain are considered to be important

for the production and maintenance of these rhythms:

the pineal gland and the suprachiasmatic nucleus

(SCN). Hastings (1997) reviewed evidence that suggests

that there is a photoreceptive clock that is based in the

eye, which produces melatonin in a circadian rhythm.

Numerous studies have shown that this is not the only

source of rhythm maintenance, as animals that have

been experimentally blinded continue to demonstrate

circadian rhythms. The pineal gland is located near

the centre of the brain, posterior to the hypothalamus

(which houses the SCN), and has been frequently noted

for its potential role in maintaining circadian rhythms

(reviewed in Hastings, 1997; Haus & Touitou, 1997). The

main secretory product of the pineal gland is melatonin,

which shows a circadian (and possibly circaseptan) pro-

duction rhythm during the night, and is known to affect

the production of a number of hormones as well as the

maintenance of several physiological cycles (Vollrath

et al. 1975; Haus & Touitou, 1997).

 

Fig. 8

 

(a,b) Transmitted light micrographs showing the daily nature of laminations. (a) Laminations (labelled with red lines) 
between injections (labelled in blue) near the cervix (to the right). This individual (CF 326) received a minocycline injection, 
followed 2 weeks later with a DCAF injection, 2 weeks after that with a minocycline injection, and was killed shortly after the 
final injection. Twenty-eight laminations can be seen between the first and third labels, which are equal to 28 days of formation. 
(b) Laminations in the occlusal enamel of a mandibular dp4 cut transversely. In this individual (CF 300), a prenatal minocycline 
injection was given, which was followed by birth 19 days later, and the animal was killed 8 days after that. This image shows the 
enamel dentine junction (EDJ) at the bottom, a growth disturbance caused by minocycline (MINO), 19 laminations (red lines on 
the left) between this disturbance and the neonatal line (Birth), and eight laminations (not labelled) between this disturbance 
and the end of enamel formation (sacrifice).
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Fig. 9 (a,b) Transmitted light micrograph showing subdaily lines (blue lines) between laminations (red lines) in (a) lateral enamel 
at the enamel dentine junction (EDJ), and (b) cervical enamel of a transverse section (individual CF 336).
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Experimental studies have demonstrated that the

SCN is the mammalian control centre of biological

rhythms (e.g. Reppert, 1995; Jin et al. 1999; Yamazaki

et al. 2000; Ohtsuka-Isoya et al. 2001). Experimental

evidence suggests that changing light–dark cycles may

trigger the production of specific proteins that induce

a chemical response in the hypothalamus, which releases

hormones via the pituitary that affect a number of

physiological activities. Ohtsuka-Isoya et al. (2001) have

presented convincing evidence that the SCN is related

to the production of daily lines in dentine, as rats in

which the SCN is fully or partially lesioned experience

respective permanent or temporary loss of circadian

dentine increments. These authors noted that, given

that there is no direct neurological connection between

the SCN and the odontoblasts (dentine-forming cells),

it is likely that there is a hormonal cue that triggers or

maintains the production of daily increments. Several

hormones that target odontoblasts include corticos-

terone, growth hormone, thyroxines and parathyroid

hormone, which may play a role in the network from

the SCN to the odontoblasts (reviewed in Ohtsuka-Isoya

et al. 2001). Future work should examine specific

hormonal influences on incremental development in

dental hard tissues.

It has been suggested that the structure of circadian

increments in dental hard tissues relates to variations in

the level of carbonate and calcium (e.g. Okada, 1943;

Boyde, 1989). Boyde (1989) hypothesized that circadian

rhythms in ameloblast metabolism may be responsible

for changes in 

 

p

 

CO

 

2

 

, which lead to regular differences

in the mineral composition of enamel that manifest as

cross-striations. These differences are apparent when

enamel is viewed under backscattered SEM. The

majority of studies on circadian rhythms in secretory

cells and hard tissue development have been con-

ducted on dentine. Okada (1943) demonstrated that

during the day, calcium levels in the blood plasma

remained fairly constant, but at night there was a

steady decrease. He suggested that this evidence pro-

vided a physiological explanation for the production of

light bands in dentine during the day and dark bands

at night; when blood plasma became more acidic

(during the day), calcium levels in the blood increased,

which decreased the precipitation of calcium in hard

tissues, and produced a white, calcium-poor line. The

opposite scenario at night produced a dark, calcium-

rich line. Miani & Miani (1971) and Shinoda (1984) also

demonstrated that feeding cycles and/or activity

patterns may influence the production of circadian

features.

Relatively little is known about the relationships

between or among the biological clocks that control

the production of incremental features in dental hard

tissues. Given the diversity and complexity of cellular-

level rhythms (reviewed in Roenneberg & Merrow, 2001),

it is entirely possible that multiple independent rhythms

are responsible for the production of different incre-

mental features within a developmental system.

Ohtsuka & Shinoda (1995) reported the presence of two

types of short-period features (daily and subdaily) in

rodent dentine that develop at different times after

birth. These authors suggested that the coexistence of

these two lines may result from two independent oscil-

latory mechanisms. This was further supported by the

recent study of Ohtsuka-Isoya et al. (2001), who found

that SCN obliteration correlated with cessation of daily

lines, but not intradian lines in rodent dentine. Newman

& Poole (1974, 1993) postulated that the existence

of two circadian rhythms in enamel production could

account for the relationship between Retzius lines and

cross-striations. They suggested that a precise 24-h

rhythm and a free-running circadian rhythm may run in

tandem, regularly producing a Retzius line when the

two cycles were most offset from one another. This

theory of multiple physiological circadian cycles is sup-

ported by experimental work of Roenneberg & Morse

(1993) on rhythms in a unicellular organism. They noted

Fig. 10 Transmitted light micrograph showing nine 
laminations in register with nine cross-striations (between the 
two dotted isochronous lines), confirming that these features 
are of equal periodicity (individual M6898).
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‘phase jumps’ roughly every 7 days, which occurred

when a faster circadian rhythm corrected itself relative

to a slower rhythm, and suggested that separate but

coupled (approximately circadian) oscillators may

produce a rhythm that appears to be controlled by a 7-

day clock. However, it is not clear how the range of

known Retzius line periodicities (2–12 days among pri-

mates; reviewed in Smith et al. 2003) may be produced

through interactions between known daily and sub-

daily short-period features. Additional work is needed

to determine if and how interactions among incremen-

tal features relate to their periodic and structural

manifestations.

In conclusion, this study has documented all of the

known classes of incremental enamel features in experi-

mentally labelled primate material. The results of this

study are in agreement with several recent experimen-

tal studies that have examined the periodicity, secre-

tion rate and development of incremental features in

enamel and dentine. It is clear that two classes of daily

features are formed in enamel (cross-striations and

laminations), both of which may show 12-h subdivisions

(intradian lines), and long-period features (Retzius

lines) are also formed with a consistent periodicity.

Collectively, these studies represent convincing evidence

of incremental periodicities, as well as the correspond-

ence of short- and long-period features between enamel

and dentine (e.g. Dean et al. 1993; Dean & Scandrett,

1995, 1996), which may yield highly accurate estimates

of secretion rate, formation time and age at death

(Smith et al. in press).
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