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Stress, life history and dental development:
a histological study of mandrills (Mandrillus sphinx)

Simone Anna Maria Lemmers

Dental development is frequently used to reconstruct life history in primates for which little other
information exists. In addition to the regular growth increments visible in histological tooth sections,
accentuated lines are thought to form at the time of stressful events in the lives of individual animals.
However, our understanding of when, how and why such accentuated lines form in relation to
stressful events is limited. In this thesis, | tested the hypothesis that accentuated lines in the enamel
and dentine are associated with stressful events in the lives of semi-free-ranging mandrills
(Mandrillus sphinx, Cercopithecidae) from the Centre International de Recherches Médicales de
Franceville, Gabon. | used dates of birth and death to calibrate dental histology to calendar time and
individual age. | then reconstructed dental development sequences for individual mandrills, providing
a detailed overview of mandrill dental development. | report sex-specific dental development
chronologies, crown extension rates and stages of dental development, and compare these to
mandrill life history. Based on this dental development data, | matched the observed accentuated
lines in the mandrill teeth with the dates of events in the mandrills’ lives. My results suggest that
accentuated lines can correspond to potentially stressful events, including resumption of
reproductive cycling in the mother and menstrual cycles, and in some occasions with parturitions. My
results show that male mandrills might form accentuated lines at the time of potentially stressful
events too, but most potentially stressful life history events for males take place after dental
development is complete. Furthermore, my findings suggest that the number of accentuated lines
recorded in teeth varies between individuals in a population, reflecting differences that may

influence reproductive success.
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Chapter 1: Introduction

1.1 Life history theory

Life history theory explains the scheduling of key life history events in species, such as age at
weaning, age at menarche in females and age at first reproduction, but also gestation period, length
of inter-birth intervals and overall lifespan, as being shaped by the forces of natural selection
(Charnov & Berrigan, 1993; Janson & Van Schaik, 1993; Promislow & Harvey, 1990). Individuals have
finite resources and the scheduling of key events in the life course is determined by natural selection,
optimising the allocation of resources to competing requirements of growth, reproduction and
maintenance (Stearns, 1989). Trade-offs between competing demands for resources create a unique
assemblage of characteristics for every species, in response to environmental conditions, mortality
schedules, and the abundance of resources. For example, trade-offs occur between effort invested in
current and future reproduction, and between the quality and the quantity of offspring (Hill &
Kaplan, 1999). Life history strategies lie on a continuum between early, frequent and prolific

reproduction on the one hand and delayed, infrequent and limited reproduction on the other.

In comparison to mammals of similar body size, primates have slow life histories (Charnov &
Berrigan, 1993; Harvey & Clutton-Brock, 1985; Lindstedt & Calder, 1981; Mumby & Vinicius, 2008;
Stearns, 1983; van Schaik & Isler, 2012; Zimmerman & Radespiel, 2007). They have long juvenile
periods, low fertility and mortality, large neonates, large costly brains and long life spans (Ross,
1998). Although earlier maturity and high fertility would seem better for fitness (Lewontin, 1965;
Cole, 1954), delayed maturity allows for an extended period of brain growth and learning (Bogin,
1990; Leigh, 2004; Leigh & Park, 1998). Primates have large brains relative to their body size which
are extremely costly and may serve as a regulator of their slow life history (Martin, 2003, review in
Jones, 2011). Primates’ delayed maturity and low fertility can also be understood as adaptations to
uncertainty in juvenile recruitment (Charnov, 1991; Gadgil & Bossert 1970; Jones, 2011; Schaffer
1983). By delaying reproduction, mothers invest in their own survival and reduce their reproductive
effort at any given age to achieve more reproductive events overall (Jones, 2011). Furthermore,
primates’ low risk of death before reproduction and general low mortality favour a prolonged period

of growth investment (Charnov & Berrigan, 1993).



Although generally classified as ‘slow’, there is also distinct variation in life history pace among
primates. The cercopithecoids, the Old World monkeys, are a good example of being ‘fast among the
slow’. Compared to hominoids, who are known for their slow paced life histories (van Schaik & Isler,
2012), cercopithecoids have short gestation periods, wean their infants early and have short
interbirth intervals, meaning they have a high intrinsic rate of population increase (Napier & Napier,
1970). This makes them good at producing offspring successfully under unstable, highly seasonal
environments with changes in food abundance (Ross, 1988). Cercopithecoids have eclectic diets, and
their bilophodont dentition indicates increased dependence on folivory (Napier & Napier, 1970;
Temerin & Cant, 1983; Walker & Murray, 1975), which allows them to subsist on generally lower
quality foods (e.g., Bennett & Davies, 1994; Temerin & Cant, 1983) and with that, flexibility in their
geographic distribution (Jablonski et al., 2000). Due to limited phylogenetic differentiation,
cercopithecoids acquired fewer diverging specialisations than any other major group of primates,
including their fast life histories relative to other primates (Jablonski & Kelley, 1997). The number of
cercopithecoid species, their dense populations and their geographic distribution shows how

successful they have been in adapting to demanding environments (Andrews, 1981).

Life history trajectories can vary distinctly among individuals of a single species according to their
strategies for optimize growth, maintenance and reproduction (Lee, 1996; Borries et al., 2001), such
as for males and females (Dixson, 2012). Life history variables such as gestation length and neonatal
mass and the timing of weaning often show limited variation among the sexes of a species (van
Schaik & Isler, 2012). However, sexual differences may arise during growth and development which
in some species can be extreme (e.g., Clutton-Brock, 1988; Setchell et al., 2001). These differences
are generally the result from the differences in strategies and priorities between the sexes for
passing on genes to the next generation (Hrdy, 1979; Palombit, 2014; Smuts & Smuts, 1993; van
Schaik & Janson, 2000; van Schaik & Isler, 2012). Female primates carry the energetic burden of
gestation and lactation, as conventional among mammals, but additionally keep on investing in their
infants through a long period of physical and social care (van Noordwijk, 2012). In contrast, the
amount of male parental care is highly variable among primates (Wright, 1990). In many group living
primates, male-infant investment post-siring, if any, is limited to protecting offspring from threats as
infanticide (Hrdy, 1979; Laidre & Yorzinski, 2008; Palombit et al., 2000; van Schaik & Janson, 2000).
When a primate species is sexual dimorph, a result of differences between the sexes in the duration
or rates of growth, or a combination of these (Leigh, 1992; Shea, 1986), there will be differences
between the sexes in age- specific reproductive output and mortality profiles, and there will be more
variation in reproductive success among males than among females (Clutton-Brock, 1988). This leads

to a large difference between male in female timing of investment in own growth compared to



investment in reproduction. As a result, the timing of life history events as reaching sexual maturity

and first reproduction can vary drastically between a male and female of the same species.

Studying primate life history is fundamental to understanding primate evolution (e.g., Lee, 1996;
Borries et al., 2001; Setchell 2006), but the sequence and timing with which life history adaptations
arose remains subject to debate (e.g., Macchiarelli et al., 2006; Smith, 1991). We can determine
some aspects of the scheduling of life history events, such as weaning and first reproduction, from
observations of live animals (e.g., Setchell et al., 2002a, 2005, 2006), but this is difficult for primates
living in dense rain forests, and impossible for extinct primates. We therefore need proxies from
which data on the scheduling of life history events can be approximated. One such proxy is the

dentition.

Teeth are the hardest tissue in a species’ body and due to their highly mineralised character, they can
stay preserved for a long time after death and under extreme conditions (e.g., Guatelli-Steinberg,
2016; Hillson, 1996, 2014; Irish & Scott, 2015). Once formed, teeth remain unchanged throughout
life, apart from wear, breakage or pathology since, unlike bone, teeth do not remodel (Chiego, 2014;
Nanci, 2003). Teeth have a daily clock built into the layered structure of their tissues, recording
incremental growth (e.g., Asper, 1916; Boyde 1963, Boyde, 1989, Antoine et al., 2009; Dean & Lucas,
2009; Dean, 2006; Dean et al., 1993; Dirks, 1998, 2018; Reid & Dean, 2006; Reid & Ferrell, 2006). The
timing of tooth development and eruption is closely linked to mammalian life history, and has long
been a topic of interest in primatology (Smith, 1991; Smith, 1991; Smith, 2000). To attain a better
understand of how the analysis of primate teeth can be used as a proxy for investigating primate life
history, and how it can contribute to the wider debate on the evolution of life history, | direct this
thesis to studying markers in primate enamel and dentine visible on a microscopic level that may
relate to stress related to life history events. When physiological and hormonal homeostasis (the
bodies’ optimal state) is disrupted, for example during a period of illness or psychological stress, the
hypothalamic-pituitary-adrenal axis is activated, and hormones such as glucocorticoids are released
into the bloodstream, enabling the individual to cope with demanding and novel situations (Sapolsky
et al., 2000; Sapolsky, 1987). The rhythmically deposited dental matrix is sensitive for disruption to
homeostasis and can record stress in the shape of accentuated lines visible in enamel and dentine
(Asper, 1916; Dirks et al., 2002; Goodman & Rose, 1990; Macho et al., 1996; Risnes, 1998; Wilson &
Shroff, 1970). Teeth might therefore also be able to contain signs of stress related to life history
events (Dirks et al., 2002). | focus my thesis on a well studied cercopithecoid primate, the mandrill
(Mandrillus sphinx), analysing the dentitions of individuals with known life histories (e.g., Setchell,
2016; Setchell & Wickings, 2004; Setchell et al., 2006). To explain the context of this study, | will first

give an in-depth review of tooth anatomy and the incremental markers of tooth growth (1.1), with a



focus one type of marker visible in tooth sections, known as accentuated lines, which are thought to
relate to various types of stress (1.2). After that, | will review how tooth development relates to life
history and how it has been employed to study the evolution of life history through fossil remains
(1.3). After that, | will introduce how stress related to life history might show up in teeth, and how
these accentuated lines therefore might function as a proxy for interpreting life history from teeth
(1.4). After that, | will set out why | choose mandrills as the species for this study and review the
literature on mandrill life history (1.5). | finish this introduction by setting out the structure of this
thesis and how | intend to examine the correlation between stress, life history and dental

development in mandrills (1.6).

1.2 Tooth anatomy and dental development

The timing of the development of a whole dentition is linked to a species’ life history (Dirks &
Bowman, 2007; Dirks, 2018; Smith, 1991; 2000; Smith, 2013). However, to explain this link, | first
introduce general primate tooth anatomy. Enamel and dentine develop through rhythmic matrix
secretions by enamel- and dentine-forming cells. This rhythmic patterning is similar to the shell
formation of marine organisms and the layered structure visible in tree trunks (Neville, 1967).
Primate dentitions consist of deciduous and permanent teeth whereby deciduous teeth commonly
develop prenatally, and crowns mineralise before birth, whereas all permanent teeth, except the first
permanent molars, start to form after birth (Swindler, 2002). Numerous specific aspects of
odontogenesis are not yet fully understood, but its general pattern is well understood (Chiego, 2014;

Nanci, 2003).

Apart from timing and duration, the general process of tooth development (odontogenesis) of
deciduous and permanent teeth are very similar (Chiego, 2014). All teeth develop as single
anatomically distinct units with four types of tissue: enamel, dentine, pulp and cementum (Figure
1.1). Enamel is the protective material covering the crown of a tooth and is the hardest tissue in the
body (Figure 1.1). It consists of 95% inorganic hydroxyapatite and 4% water and 1% organic matter
(Eisenmann, 1994). Hydroxyapatite is a crystalline calcium phosphate, also present in dentine,
cementum and bone. The organic component of enamel is the protein enamelin, comparable to the
protein keratin in skin. This composition makes enamel very resistant to fractures during food
processing. Enamel is the only part of the tooth exposed to the oral environment and protects the
softer and more vulnerable underlying tissues (Nanci, 2003; Newman et al., 2011). Once fully

mineralised, enamel does not undergo any changes and can only break or decay. Dentine makes up



the body of the tooth (Figure 1.1). It is a living, sensitive tissue generally not exposed to the oral
environment; crown dentine being covered by enamel and root dentine covered by cementum,
periodontal ligaments and the alveolar bone. Once mineralised, dentine is composed of 70%
inorganic hydroxyapatite crystals, 20% organic collagen fibres and 10% of water and a small amount
of protein(Chiego, 2014). Due to its lower mineral content, dentine is softer than enamel, which
allows mastication without fracturing the crowns. Dentine is divided into primary dentine, the major
component of the crown and root, secondary dentine, which deposits internally once a tooth comes
into occlusion, and tertiary or reparative dentine, which forms as a response to lesions. Inside the
dentine is the tooth’s pulp chamber. Pulp is a soft connective tissue which contains thin walled blood
vessels, nerves and nerve endings (Torneck, 1994) (Figure 1.1). Finally, cementum forms around the
roots, protecting the root dentine and anchors the tooth to the periodontal fibres, which keep the

tooth in place (Nanci, 2003) (Figure 1.1).
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Figure 1.1: General tooth anatomy, indicating the four primary types of dental tissue: enamel, dentine, pulp
and cementum. Adapted from Nanci, 2003.

All four types of dental tissue develop from the interaction of two types of cells: the oral ectodermal
cells lining the embryonic oral cavity, and the underlying mesenchymal cells, which start from the
dental papilla (Berkovitz & Moxham, 1981; Chiego, 2014) (Figure 1.2). Teeth initiate by proliferation
of the ectodermal cells overlying specific areas of the oral ectoderm, resulting in the development of

the dental lamina. The dental lamina develops into a sheet of epithelial cells that pushes into the



underlying mesenchyme around the perimeter of both the maxillary and mandibular jaws. This dual
composition will eventually result in the formation of enamel deriving from the ectoderm and
dentine, pulp, and cementum deriving from the mesoderm. Although tooth formation is continuous,
early development is characterised by a series of distinguishable stages: the bud, cap, and bell stages
(Figure 1.2), defined according to the shape of the ectodermally derived enamel organ, apposition,
the phase of hard tissue formation, the maturation stage during which the crown completes and

calcifies, and root formation and tooth eruption.
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Figure 1.2: Histological view of tooth development: bud, cap and bell stages (adapted from Cobourne &
Sharpe, 2003).

Preceded by initial thickening of the oral ectoderm (Figure 1.2, Stage 1), the initial bud stage is
characterised by a rounded, localised growth of ectodermal cells surrounded by proliferating
mesenchymal cells (Dassule & McMahon, 1998) (Figure 1.2, Stage 2). During the bud stage, tooth
buds form at the leading edge of the dental lamina. These will eventually become the deciduous
teeth. After the deciduous teeth develop from the buds, the leading edge of the lamina — now called
the successive lamina — continues bud formation, which will eventually lead to the formation of the
permanent teeth (Chiego, 2014; Nanci, 2003). The successive lamina continues posterior into the
elongating jaw. The buds which form the incisors, canines and premolars of the permanent teeth will
eventually replace the deciduous teeth. Additional tooth buds develop behind the deciduous

dentition, which will become the adult molars, adding to the length of the tooth row instead of



replacing deciduous teeth. In general, the tooth buds form anteroposterior in coordination with the
growing jaws. The timing of the development of the deciduous and permanent tooth buds and

growth of the jaws and facial bones are therefore closely linked (Sperber, 1989).

As the tooth buds become bigger, the enamel organ develops an indented surface and covers the
connective tissue, known as the dental papilla, marking the onset of the cap stage (Simmer et al,
2010) (Figure 1.2, stage 3). An enamel knot becomes visible in the epithelium influencing the future
shape of the tooth because of a gene expression series that alternates between the epithelium and
the mesenchymal tissue. Enamel epithelial cells on the cap’s internal surface become more
columnar, while the outer enamel epithelial cells remain cuboid. The mesenchymal cells start to
proliferate, completing the dental papilla beneath the internal enamel epithelium and the dental
follicle. The ectodermal cells subsequently differentiate to become the enamel organ, remaining
attached to the lamina. The mesenchyme now forms the dental papilla, which will later become the

dental pulp (Nanci, 2003) (Figure 1.2, Stage 4).

Teeth reach the bell stage after further growth of the dental papilla and the enamel organ, which
now has the outline of the tooth they are eventually going to form (Figure 1.2, stage 5). During the
cap stage, the enamel organ has four distinct layers overlying the dental papilla: the outer enamel
epithelium, the stellate reticulum, the stratum intermedium, and the inner enamel epithelium. The
outer enamel epithelium is one-cell layer functioning to keep the shape of the enamel organ
(Berkovitz & Moxham, 1981). The stellate reticulum and the stratum intermedium, overlying the
inner enamel epithelium, protect the developing tooth and supply it with nutrients. In the later bell
stage, the inner enamel epithelium cells become increasingly columnar in shape and differentiate to
become pre-ameloblast and then ameloblasts: the cells that will form the enamel of the tooth
crowns. Simultaneously, an adjacent layer of cells in the mesenchyme starts to differentiate into pre-
odontoblasts and then odontoblasts: the cells that will form the dentine of the tooth crowns and

roots (Chiego, 2014; Harris, 2016).

Dentinogenesis, the process of dentine formation, is induced by the pre-ameloblasts differentiating
from the inner enamel epithelium to start forming matrix, which turns the pre-ameloblasts into fully
functioning ameloblasts that produce enamel matrix. Dentinogenesis therefore always precedes
amelogenesis by a few days. With dentinogenesis, the tooth enters the stage of apposition: hard
tissue formation. As the odontoblasts enlarge they develop a process at their proximal ends, adjacent
to the enamel dentine junction (Chiego, 2014; Nanci, 2003). Simultaneously, the dental papilla

differentiates into dental pulp. Gradually the odontoblasts move towards the pulp and their



the crystals spread through the matrix, enlarge and merge until the

’

indicating a daily rhythm in tissue formation. During the daily build-up of predentine, the odontoblast
processes continue to elongate and form dentinal tubules, producing the distinct appearance of the

odontoblasts activate along the enamel dentine junction (Figure 1.3). Within 24 hours, the deposited
collagenous matrix calcifies by the deposition of calcium phosphate (hydroxyapatite) crystals, turning

processes elongate. The odontoblasts now start to deposit a matrix of a meshwork of collagen fibres
predentine into dentine. Calcification starts as crystal deposition in small vesicles on the surface and

along the enamel dentine junction, called predentine. The predentine is deposited incrementally,

Matrix formation starts at the cusp tips (Figure 1.3), and as further increments form, more

dentine matrix, and extra cellular matrix forms around the tubules.

matrix is completely calcified and mineral density increases.

within the collagen fibres. Then
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overlying odontoblasts and ameloblasts at the cusp tips, lying close together. The zone where enamel and

Figure 1.3: Odontogenesis and amelogenesis. Thin layers of dentine and enamel are secreted by the
dentine tissues touch is the enamel dentine junction (EDJ). Image adapted from (Nanci, 2003).



Ameloblasts begin enamel matrix deposition once a few micrometres of dentine have formed,
establishing the enamel dentine junction (Figure 1.3). The ameloblasts are positioned in rows with
cell-to-cell attachments at their proximal and distal ends, mirroring the row of odontoblasts (Figure
1.3). The attachments keep the cells connected when they move away from the odontoblast line
while depositing matrix. Short, cone-shaped processes, known as Tomes’ processes, develop at the
apical ends of the ameloblasts, which deposit the enamel matrix. The enamel matrix forms in
continuous rods, also known as prisms, from the enamel dentine junction. These form in daily
increments, at the same time as dentine deposition, until they reach the final surface of the enamel.
The rods are the enamel equivalent of the dentine tubules. Enamel rods are keyhole shaped,
interlocking with each other. Each rod is formed by four ameloblasts: one forms the head; two form
the neck and one forms the tail. Enamel rods form nearly perpendicular to the enamel dentine
junction and curve slightly towards the cusp tip. The rods also run almost perpendicular to the
enamel’s outer surface but are gnarled and tangled near the cusp tips. Throughout the cusp, groups
of rods bend at a slightly different angle to adjacent groups when viewed in polarised light. This is
seen as light and dark bands of rod groups, termed Hunter-Schreger bands. The bending and gnarling
of the enamel is thought to give the enamel strength during mastication and biting (Chiego, 2014;

Nanci, 2003).

Initially, a few ameloblasts activate and start matrix deposition. More ameloblasts activate as the
process continues until full cusps are formed. Matrix formation starts at the tips of the cusps,
forming the cuspal enamel matrix, and then moves laterally to the sides of the crowns (Figure 1.3).
Growth of individual cusps by incremental deposition continues until the cusps coalesce in the inter-
cuspal region of the crown. Like dentine, enamel matrix mineralisation starts shortly after its
deposition, with the first matrix deposited being the first enamel to mineralise. Small mineral crystals
enter the enamel matrix accounting for 25% of the total amount of mineral in enamel. After
deposition, crystals grow and turn the matrix into mineral, replacing organic material. Mineralisation
happens gradually, but it is unknown how much time separates deposition and calcification (Suckling,

1989).

Crown formation completes during the maturation stage. At the cervix (Figure 1.1), the point where
enamel deposition ends, an extension of the inner and outer enamel epithelium forms as a double
layered root sheath. The lengthening root sheath outlines the shape of the root, whereby the inner
cell layer of the root sheath induces odontoblasts of the dental papilla to differentiate and form root
dentine. Shortly after this, cells from the dental sac differentiate to cementoblasts, producing

cementum matrix, which subsequently calcifies to become cementum that seals the root surface.



Dentinogenesis continues until the complete root length is reached. The root apex then thickens,
leaving a narrow opening of 1-3 mm to allow nerves and blood vessels to reach the pulp chamber
(Figure 1.1). During root formation, the tooth moves in the jaw to erupt through the alveolar bone
and gums. As more teeth develop and erupt, the facial bones remodel to make space for the adult
dentition. The exact mechanism of tooth eruption is complex and not yet fully understood (Chiego,
2014; Kjeer, 2014; Marks & Schroeder, 1996). The dental follicle, the supply and distribution of nerve
fibres to the tooth, bone tissue surrounding the tooth, and the general growth conditions in the body
all play a role in eruption (e.g., Kim et al., 2008; Kjzer, 2014; Wise & King, 2008; Wise et al., 2011), but
none of these factors are decisive by themselves for the initiation of eruption, the following eruptive
movements and to end the eruption process (Gowgiel, 1961; Kjaer, 2014; Marks & Schroeder, 1996).
Root formation continues after eruption until the tooth comes into occlusion and its periodontal

ligaments are fully developed.

Eruption is a continuing process, and although this makes it difficult to define clear-cut stages, there
are a number of steps in the process which are often distinguished from each other. Alveolar
emergence or alveolar eruption is the appearance of a tooth through the crest of the alveolar
process. This happens gradually, with a small aperture visible in the jaw bones which subsequently
widens until it can accommodate the diameter of a full crown (Hillson, 1996). Alveolar emergence
can be observed in dry bone specimen or via radiographs but cannot be assessed by eye on living
individuals. We can define alveolar emergence for dry specimens as the first appearance of tooth
cusps above the alveolar crest (Hillson, 1996). Gingival emergence, or clinical eruption, is the
appearance of teeth through the gingivae. It is used for determining eruption status in living
individuals since it can easily be assessed without the use of scanning devices (Hillson, 1996). Again,
this is a gradual process where the tips of the cusps appear before the bulk of the occlusal surface.
Finally, occlusion is the stage at which teeth come into place and into contact with their opposites
(Hillson, 1996). After reaching occlusion, a tooth can still move, which might be related to

compensation for wear or external pressure (Chiego, 2014; Hillson, 1996; Nanci, 2003).

Due to the incremental deposition of the matrix of enamel and dentine in the secretory phase of
dental development, distinct patterning is visible in both tissues on a microscopic level (e.g., Boyde,
1964; Retzius, 1837). The different markings visible in human and non-human primate enamel and
dentine were first described by Retzius (1837), followed by Owen (1845), Andresen (1898) and von
Ebner (1902, 1906) and have a long research history establishing their exact spacing, formation,
meaning and application. The lines in enamel and dentine are strongly connected to each other. One

set of rhythmic lines forming in both tissues relates to a 24-hour cycle (circadian) of tissue secretion
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and deposition, which | refer to as daily increments. The second set of rhythmic lines in both tissues
consists of regularly spaced lines with a rhythm of multiple days with a complex aetiology. | refer to
these as the longer period lines. | refer to a third set of lines of irregularly spaced lines visible in
histological sections of teeth and related to physiological stress as accentuated lines. | now review

these three different lines, their manifestation, aetiology and relation to life history.

Daily increments are commonly referred to as cross-striations when observed in enamel (Figure 1.4,
panel 3). They represent a regular variation in the rate of matrix secretion during a 24 hour rhythm
in primates (Boyde, 1989). Slight variation in increment deposition by the ameloblasts’ Tomes’
processes create alternating angled and horizontal interfaces of the increments which appear as
alternating light and dark bands through light transmitted microscopy. The transition from one daily
increment to the next has a slightly different mineral composition (Boyde, 1989) and is therefore also
observable using micro-radiography and in synchrotron radiation microscopic computed tomography
(Micro-CT) (Hillson, 2014). The size of a cross-striation (also referred to as daily secretion rate,
(Smith, 2006, 2008) varies with tooth type, tooth size and by region in the cusp. The cross-striations
are present throughout the prismatic enamel, but their visibility often varies throughout the tooth.
Their visibility is also very dependent on section preparation and thickness. Similar daily increments
are present in dentine, most commonly referred to as Von Ebner lines (Figure 1.4, panel 4). The daily
secretion along the dentine tubules is related to the functioning of the odontoblast-processes. Von
Ebner lines are the equivalent of the enamel cross-striations but are much more difficult to observe
via light transmitted microscopy than cross striations and the transition from one daily increment to
the next is not as distinct (Pers obs, Pers Comm C. Dean). Although the exact aetiology of daily
increments is still debated (e.g Guatelli-Steinberg, 2016; Hillson, 2014) their formation is related to
the circadian clock, an endogenous timekeeping mechanism common in many biological organisms
(FitzGerald, 1998). The circadian clock has a stable rhythm of 24 hour which allows organisms to
coordinate their behaviour and physiology with environmental changes corresponding with the daily
day-night cycle (Kronfeld-Schor et al., 2013). The clock influences circadian hormonal secretion,
sleep-wakefulness rhythms, day and night shifts in body temperature, the blood’s acid-base balance
and influences central and local cell rhythm generators (Boyde, 1989; Dean & Scandrett, 1996;
Ohtsuka & Shinoda, 1995; Okada, 1943). The circadian clock has evolved to optimise the economy of
biological systems in an organism and allows the body to react predicatively, rather than purely
reactively, to regularly occurring stimuli triggered by the 24 hour day and night rhythm (Kronfeld-
Schor et al., 2013). Circadian rhythms in hard tissues formation, including teeth, are thought to be
under control of this oscillation (Antoine et al., 2009; Bromage, Hogg et al., 2012; Dean, 2006). There

is often a faint mark visible within daily increments known as intradian lines, probably resulting from
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a 12 hour rhythm (Smith, 2006). However, these marks are rarely consistently visible and may be
artefacts of section orientation and plane of focus (Hillson, 2014), and | therefore do not discuss

them further in this thesis.

In enamel, the often strongly pronounced longer period lines are called striae of Retzius, Retzius lines
or brown striae of Retzius (e.g., Antoine & Hillson, 1986; Hillson, 2014), since they look dark
compared to the surrounding enamel when observed via light transmitted microscopy (Asper, 1916;
Boyde, 1964; Dean, 1987) (Figure 1.4, panel 1). Retzius lines run parallel to each other, cutting
diagonally across the prism boundaries from the enamel dentine junction in an angle up to the
crown’s surface (Hillson, 2014). On the outside of the tooth, Retzius lines correlate with shallow
depressions called perikymata grooves, encircling the outside of a crown (Risnes, 1985a, 1985b).The
Retzius lines are continuous through the enamel but clearest directly under the crown surface. The
equivalent of the Retzius lines in dentine are commonly referred to as Andresen lines (Andresen,
1898; Dean & Scandrett, 1996). They are often not as distinct as the Retzius lines, but visible in
patches as a series of dark lines crossing the dentine tubules (Figure 1.4, panel 2) and visible on the
root surface as periradicular bands (Dean, 1995). Longer period lines are thought to represent
variations in matrix secretion (Hillson, 2014) and are slightly less mineralised than the rest of the
prismatic enamel (Chiego, 2014; Hillson, 2014). Fracture lines in enamel often follow the direction of
the Retzius lines (Boyde, 1989). The formation mechanism behind the longer period lines could
therefore be like that of the daily increments on a cellular level. They are, however, much more
pronounced and their aetiology cannot be explained by the circadian clock since they form according
to a longer period rhythm. Two adjacent longer period lines are separated by several daily
increments, called the periodicity (Antoine et al., 2009; Bromage, 1991; Reid & Ferrell, 2006; Risnes,
1986). The periodicity is thought to be constant throughout the dentition of an individual, although
variation has recently been reported between the periodicity of the deciduous and adult dentition of
the same individual (Mahoney et al., 2016; 2017). There is limited intra-specific variation in
periodicity, but inter-specific variation can be substantial. The periodicity of an individual’s teeth may
relate to the Havers-Halberg Oscillation, a biorhythm that regulates growth in mammals and thought
to be related to a species’ adult body mass and life history traits (Bromage et al., 2009, 2012). The
Havers-Halberg Oscillation is also hypothesised to be responsible for the rhythmic formation of
concentric lamella in the Haversian systems in bone microstructure. Although the exact aetiology of
this biorhythm is not yet fully understood, it is thought to be influenced by an individual’s resting

metabolic rate (Bromage et al., 2016).
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Figure 1.4: Micrographs showing longer period and daily lines in enamel and dentine: (1) Retzius lines,
representing a longer period rhythm in enamel (Scale= 0.2 mm). (2) Andresen lines representing a longer
period rhythm (Scale = 0.2mm). (3) Cross-striations, representing daily rhythm in enamel (scale = 0.1 mm) (4)

Von Ebner lines, representing a daily rhythm in dentine (scale = 0.05mm). Image adapted from Smith, 2006.

Accentuated lines are pronounced, irregularly spaced and superimposed on the daily and longer
period lines. They can, but do not always, coincide with the longer period lines. They appear in all
teeth forming simultaneously, indicating their linear and chronologic nature (Sarnat & Schour, 1941;
Goodman et al., 1984). Although most commonly referred to as accentuated lines, they are also
known as accentuated striae of Retzius, Wilson bands or cluster bands (Goodman & Rose, 1990; Rose
et al., 1978) when visible in enamel, contour lines of Owen in dentine (Bhaskar, 1991; Nanci, 2008),
or hypomineralised bands and calciotraumatic bands (Kierdorf & Kierdorf, 1997; Kierdorf et al.,
2000) in both tissues. These last two terms hint at their aetiology. Unlike the rhythmic formation of

the daily and longer period increments, accentuated lines are caused by a disruption of ameloblast
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and odontoblast activity during the normal process of tooth formation (Rose, 1977; Rose et al., 1978;
Rudney & Greene, 1982; Rudney, 1983, Goodman & Rose, 1990) and are often described as regions
of hypomineralisation (Amprino & Camanni, 1956; Goodman & Rose, 1990b; Hillson, 1996;
Hollander, Applebaum, & Bodecker, 1933; Macho et al., 1996; Molnar & Ward, 1975; Norén, 1984;
Rose, 1979; Weber & Eisenmann, 1971; Whittaker & Richards, 1978). Although some studies have
reported disturbance during the mineralisation phase (Richards et al., 1986; Suckling et al., 1988;
Milhaud et al., 1992; Fejerskov et al., 1994), accentuated lines are generally understood to be brief
periods of disruption in enamel and dentine matrix secretion (Guatelli-steinberg, 2001; Hillson, 1996;
Schwartz et al., 2006) or a change in prism structure during secretion (Goodman & Rose, 1990;

Weber & Eisenmann, 1971; Whittaker & Richards, 1978; Wilson & Shroff, 1970).

Scanning Electron Microscopic (SEM) analyses (Kierdorf et al., 2000) on enamel revealed accentuated
lines to be broad, hypomineralised incremental bands with varying types of abnormal structure and
zones of aprismatic enamel (Figure 1.5, Kierdorf et al., 2000). These lines can be caused by short
delays in the resumption of secretory activity by groups of ameloblasts or periodic constriction of
prism diameters. However, they might also represent regions of absence of the prismatic structure
and an increase in interprismatic enamel, or, in the most severe cases, abrupt cessation of matrix
secretion (Kierdorf et al., 2000). Furthermore, SEM analysis indicated that disturbance happened
from the pre-secretory to the secretory stage of amelogenesis, whereby the ameloblasts are
obstructed from normal functioning. This happens when the Tomes’ processes, the part of the cell

that actually deposit the enamel matrix (Chiego, 2014), are not fully formed.

Figure 1.5: Microradiograph of wild boar premolar section. Arrows indicates broad hypomineralised band
corresponding to period of fluoride exposure. (B) Scanning electron micrograph a third molar from same
study. Accentuated line runs from lower left to upper right corner (P) showing increase in the volume of

interprismatic enamel (I). x2,000 magnification. Image adapted from Kierdorf et al., 2000.
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Normally, fully functioning ameloblasts have different growth regions for prismatic and
interprismatic enamel on their Tomes’ processes, laying down crystals (matrix) with their long axes
perpendicular to the secretory cell surfaces. However, when the Tomes’ processes morphology is
impaired, aprismatic enamel can form instead of the normal prismatic structure (Kierdorf & Kierdorf,
1997; Kierdorf et al., 2000; Kierdorf et al., 1993; Woltgens et al., 1995). Aprismatic enamel is softer,
more plastic and less mineralised than prismatic enamel (Chiego, 2014), and therefore, an
accentuated line composed of mainly aprismatic enamel is hypomineralised in comparison to normal
prismatic enamel. The actual mechanism behind accentuated line formation is similar to Risnes’
explanation for the normal, periodic longer period rhythm of the Retzius lines (Risnes 1990, 1998).
Risnes’ SEM studies of normal, healthy human enamel indicated that the rhythmic longer period
pattern of Retzius lines is caused by a periodic constriction in prism diameter where the interprism
space expands at the expense of prisms themselves (Risnes 1990, 1998). Since the diameter of the
prism reflects that of the prism-forming portion of the Tomes’ process, Risnes attributed the Retzius
lines to a rhythmic constriction of the Tomes’ processes near their bases (Risnes 1990, 1998). If this is
true, the accentuated lines are formed by the same mechanism as the longer period lines, but
instead of reoccurring with a fixed rhythm, the constriction of the Tomes’ processes is stimulated by
an irregularly timed external ‘stressor’. The driving forces behind the impairment of the Tomes’
processes functioning, and the reasons for the formation of accentuated lines are diverse, but
generally thought to be related to metabolic disturbances. Accentuated lines are therefore often
referred to as ‘stress lines’. However, to properly understand the nature of the accentuated lines, we
need to take a closer look at the concept of metabolic disturbance and stressors and how they affect

accentuated line formation.

1.3 Stress and accentuated line formation

Stress is a state of either real or perceived threat to homeostasis, the body’s optimum state (Selye,
1973; Silverthorn, 2007; Tsigos & Chrousos, 2002). Homeostasis is maintained by the constant
adjustment of biochemical and physiological pathways so that physiological systems function best,
controlling the optimum state of blood pH, oxygenation, temperature and blood pressure (Selye,
1973; Silverthorn, 2007; Tsigos & Chrousos, 2002). A stressor can be any environmental perturbation
which disrupts homeostasis (Silverthorn, 2007), or can refer specifically to a type of stimulus that
requires an emergency energetic response (McEwen & Wingfield, 2003). Stressors can be physical,
psychological, or both (Sapolsky, 1994b). Physical stressors could be fights or attacks, which require

instant mobilisation of energy, muscle action and increased vigilance (Sapolsky, 1994a). Stressors like

15



illness, infection, or exposure to toxins can be accompanied by fevers, a rise in body temperature
which can prevent the bodily functions from working optimally. Disruption of normal gut function
leading to diarrhoea can affect the body’s optimal pH due to loss of bicarbonate ions resulting in
shifts in the acid-base balance, higher hydrogen ion concentrations and lower pH (acidosis)
(Silverthorn, 2007). Similarly, long periods of acid loss from the stomach (e.g., through vomiting) can
result in lower concentrations of hydrogen ions relative to bicarbonate ions and rising pH (alkalosis)
(Dean & Elamin, 2014) leading to disruption of homeostasis. Stressors can also be psychological or
social, such as a novel or unexpected event, requiring alertness and mobilisation of energy to ward

off possible threats (Sapolsky, 1994b; Silverthorn, 2007).

The presence of a stressor and a threat to an individuals’ homeostasis activates a complex range of
behavioural, hormonal and physiological responses involving the endocrine, nervous, and immune
systems, collectively known as the stress response (Romero, 2004; Sapolsky, 1987; Smith & Vale,
2006). The stress response is similar across vertebrates and different sources of stress lead to very
similar hormonal and neural responses (Romero, 2004). Due to its consistency, this overarching
stress response is known as the ‘General Adaptation Syndrome’ (Selye, 1973; Selye, 1936). The stress
response is centrally controlled by 3 major glands: the hypothalamus, pituitary and adrenalin glands,
forming the hypothalamic-pituitary-adrenal axis (HPA axis) (Figure 1.6). Together, these glands
mediate the effects of stress by activating various behavioural and metabolic processes (Cyr &
Romero 2008; McEwen & Stellar 1993; Sapolsky, 1992). The hypothalamus is the prime controller in
activating components of the stress-response. It regulates the pituitary gland, which sends signals to
the adrenal glands (situated on top of the kidneys) which then secretes glucocorticoids, glucagon,
adrenaline and noradrenaline; the key hormones responsible for adaptation to the stressor (Munck

et al., 1984; Yates et al., 1980). These hormones are therefore often referred to as ‘stress hormones’.
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Figure 1.6: The HPA axis with the fast, short term stress responses via the sympathetic nervous system (left)
and the delayed, prolonged stress response via the endocrine system (right). Image adapted from Pearson

Education Inc., 2013

Stressors that require instant action are mediated by the sympathetic nervous system, which
regulates the ‘fight-or-flight’ response in stressful situations to mediate vigilance and to mobilise
energy instantly (Figure 1.6). The brain p