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Abstract

Developmental brain plasticity involves complex time-dependent dynamic molecular interactions
that cannot be observed directly in humans. We propose that the shared evolutionary homology of
teeth with the neurosensory system, and the archival nature of dentin microstructure, allow the
development of ‘biologic hard drives’ which can characterize perinatal temporal dynamics in
neuroplasticity.
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As the brain develops postnatally, particular regions undergo heightened periods of plasticity
when their underlying neural circuits are sculpted by experiences to establish normal
perceptual and cognitive behaviors, such as sensory processing, language, and emotional
processing. Conversely, absent or abnormal experiences, such as sensory or social
deprivation, during this critical period can disrupt the establishment of behaviors [1] (Figure
1A). By understanding the fundamental neurobiology of how plasticity and recovery become
limited as a function of age after abnormal experience or injury during a critical window, we
will be able to develop better therapeutic approaches for developmental disorders and adult
brain injuries [1]. However, translating the emerging evidence of critical windows of
susceptibility from animal models to humans has been hindered by the lack of appropriate
human biomarkers that capture the dynamic, time-dependent nature of molecular
interactions during brain development. Here, we propose novel tooth-matrix biomarkers to
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identify not only critical developmental periods of brain plasticity in humans but also their
potential clinical applications.

mechanisms of postnatal critical period for brain plasticity

One of the best-studied models of a critical period for brain plasticity is the enduring loss of
visual responsiveness and anatomic remodeling in primary visual cortex of an eye deprived
of vision early in life, resulting in amblyopia [2]. The use of the visual system offers a
unique opportunity to examine neuroplasticity from fine-scale molecular and cellular
processes to entire systems across species including rodents in which genetic manipulation
can be used to dissect the molecular mechanisms. After extensive studies using rodent
models, we now know that a natural critical period consists of a sequence of molecular
events.. The critical period is triggered by a drastic adjustment of the excitatory-inhibitory
(E/) balance, which is facilitated by the emergence of molecular accelerators of plasticity
which collectively contribute to the later maturation of specific inhibitory circuits. Next,
anatomic reorganization occurs, which ultimately consolidates plasticity and is mediated by
the emergence of several molecular brakes in the adult brain [1] (Figure 1B). Identification
of these mechanisms of critical periods in the rodent visual system has led to the preclinical
discovery of several pharmacological and behavioral interventions and provided a general
conceptual framework for therapeutic intervention for recovery of function in adulthood [1].
It also helped uncover the molecular basis of critical periods in several other brain regions,
including the auditory and fear systems. These findings in mice can function as useful
molecular models to infer the developmental trajectory of brain maturation in humans.

Tooth-matrix biomarkers as windows into early life development

To successfully translate animal studies of brain plasticity to humans, we need accessible
biomarkers that can 1) direct/y measure the expression of molecular plasticity regulators
noninvasively and 2) provide a fine-scale profile of temporal changes in the relative
abundance of plasticity regulators during the perinatal period. To accomplish both
requirements, we introduce novel tooth-matrix biomarkers. Because teeth develop in an
incremental manner that can be linked to circadian rhythms (Box 1), they exhibit an archival
property whereby molecular information is stored in the dentine and enamel matrices, with
limited remodeling. This allows detailed analyses to be undertaken many years after the
tooth has developed. The tooth matrix in this context functions as a ‘biologic hard-drive’ that
has stored early-life developmental information [3]. The absence of direct fetal biomarkers
that provide information on both the magnitude and timing of fetal exposure to multiple
chemicals has been a major barrier [4]. Multiplexed mass-spectrometry methods have been
recently applied to the tooth-matrix to reconstruct prenatal and early postnatal exposure to
thousands of compounds, including environmental chemicals and their internal reaction
products [5]. For example, neurodevelopmental deficits from excessive exposure to
manganese were uncovered in children exposed to pesticides high in this metal. Recently, we
also showed that a broad range of homeostatic disruptions caused by physical trauma,
infections and even psychosocial stressors, such as separation from the mother, are captured
in the dentine matrix [5] [6].
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Measuring brain plasticity regulators in human teeth

In light of recent studies of toxicants and markers of homeostatic disruptions [5] [6], we
deduced that we could use deciduous teeth to determine perinatal critical periods for brain
plasticity. Given that 1) teeth commence development in the prenatal period, extending to
early childhood [5], 2) teeth share evolutionary homology with the neurosensory system [7],
3) markers specific to glial cells are expressed in dental tissue [8] and 4) glial cells function
as stem cells for neurons in the cerebral cortex [9], it is possible that the timeline of key
neurodevelopmental events is imprinted in an individual’s teeth. To uncover the molecular
profile of brain plasticity across development, we propose a model in which the two
categories of plasticity regulators, accelerators and brakesare studied simultaneously in a
single tooth. Figure 1C illustrates an expected profile that accelerators of brain plasticity
decline with age, while the expression of molecular brakes, which inhibit plasticity, increase
concurrently. The relative balance of the accelerators and brakes determines the temporal
profile of a critical period [1]. As proof-of-concept, we demonstrated that the 70-kD heat
shock protein (HSP-70), a molecular chaperone that was recently identified as one of top
quantitative trait loci associated with visual cortex plasticity [10], is expressed in the tooth
matrix [6]. Plasticity brakes, such as Lynx1 [11] have been also detected in human
odontoblast (dentine)-based transcriptome databases [12].

Future applications of human tooth-matrix biomarkers

We expect that the use of tooth matrix biomarkers will open up at least three exciting new
areas of research and translational applications (Figure 1D). First, tooth biomarkers would
be useful tools to assess individual variability of critical period timing across human
populations. Gene expression in human postmortem brains of different ages showed that
many genes, including those of plasticity regulators, have dissimilar expression levels during
development and exhibit variability between samples [9], suggesting considerable inter-
individual differences. Tooth biomarkers enable us to directly examine the developmental
changes in gene and protein expression of known critical period regulators. Second, analysis
of the teeth of patients with neurodevelopmental and psychiatric disorders will enable us to
measure noninvasively the temporal profile of brain plasticity regulators. Given that the E/I
balance or the expression of molecular brakes that controls the timing of critical periods is
disrupted in autism and schizophrenia [1], patients’ teeth will allow us to estimate whether
disruption of a critical period (e.g., augmented vs. restricted plasticity) underlies
pathophysiology. Lastly, once a patient’s trajectory of brain plasticity has been characterized
with his/her teeth, then a therapeutic regimen can be personalised based on the individual’s
developmental molecular profiles. Preclinical studies identified two intervention strategies:
(1) resetting the E/I balance and (2) removing the brakes, that are tightly linked with
physiological mechanisms of critical period regulation to effectively restore brain plasticity
[1]. Tooth-matrix biomarkers provide crucial information to achieve both these therapeutic
goals.

In summary, the archival nature of enamel and dentine, which captures and preserves
important aspects of developmental history, and the shared evolutionary origin of teeth and
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the neurosensory system together provide a framework to function as a biomarker to study
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Key aspects of tooth development relevant to this biomarker

A. Between the 14th and 19th week of intrauterine development, the tooth germ enters
the advanced bell stage, which is characterised by the appearance of enamel and dentine
at the future dentine-enamel junction (DEJ) on the cusp tip. B. Subsequently, enamel and
dentine deposition occurs in a rhythmic manner forming incremental lines—akin to
growth rings in a tree—in both enamel and dentine. C. At birth, an accentuated
incremental line, the neonatal line, is formed due to disturbances in the secretory cells
during protein matrix deposition67. D. A resultant change in crystal orientation and a
lower degree of mineralization has been detected at the neonatal line in the enamel of
human primary teeth. E. This line forms a clear histological landmark that demarcates
pre- and postnatally formed parts of teeth. After birth, teeth continue to manifest daily
growth lines, which reflect chronological ages at various positions within the tooth crown
and roots. We have validated this biomarker for certain metals (manganese, lead, barium,
strontium), and validation for a range of organic targets is underway. We have also shown
how early-life homeostatic disruptions are captured in the dentine matrix.
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Figure 1. Reconstructing developmental critical period of brain plasticity with toothmatrix
biomarker

(A) The sensitivity of the brain to different environmental factors fluctuates across
developmental critical periods. In addition to a prenatal critical period for placenta-mediated
environmental influences (e.g. toxins that cross the placenta), there is a postnatal critical
period for experience-dependent brain plasticity (gray background). (B) The expression of
molecular accelerators and brakes that regulate brain plasticity shapes the critical period for
brain plasticity. (C) We propose that the expression of known molecular accelerators and
brakes that regulate brain plasticity can be mapped in teeth, revealing their changes in
expression level across developmental stages. Expected developmental expression patterns
of plasticity regulators in teeth will correlate with those in the brain. (D) Clinical
applications of tooth matrix biomarkers. Measurement of molecular regulators of brain
plasticity in teeth will allow us to determine (1) individual temporal variability of the critical
period, (2) whether disruption of the critical period (e.g., via genetic or environmental
factors that augment or restrict plasticity) is involved in the etiology of neurodevelopmental
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disorders, such as schizophrenia in which the brakes are reduced and (3) if personalized
therapeutics based on individual molecular profiles could restore proper balance to brain
plasticity regulators.
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