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Abstract

Basic biomedical knowledge of the neurobiological
mechanisms of the deafferentation of stomatognathic
systems has expanded greatly in recent decades. In
both human and animal experimental trials, there are
indications that the deafferentation of stomatognathic
systems may be a critical factor in triggering and
aggravating neurodegenerative diseases. This review
explores basic neurobiological mechanisms associated
with the deafferentation of stomatognathic systems;
further included is a discussion on tooth loss and other
oral-maxillofacial deafferentation (OMFD) mechanisms,
with a focus on dental and periodontal apparatus that are
associated with brain function and that may underlie the
changes observed in the aging brain. A new hypothesis is
proposed that tooth loss and changes in the functionality of
teeth may cause brain damage due to recurrent remapping
of the brain, and may even be a triggering and aggravating
factor in the onset and progression of Alzheimer's disease.
A growing understanding of the association of OMFD with
brain aging may lead to solutions in treating and preventing
cognitive decline and Alzheimer s disease.

Introduction
One of the greatest health threats of the twenty-first

century has been cognitive frailty and cognitive decline
of old age (Bishop et al.,, 2010). For adults over the age
of 85, a predicted near-50% of this population segment
will be afflicted with Alzheimer's disease. Recent advances
in the biology of stomatognathic systems, together with
human and animal experimental studies of the brain, are
beginning to shed light on the neural mechanisms and
their potential roles in cognitive decline. Clinicians may
have to develop new concepts and strategies in coping
with these new and challenging circumstances. Developing
therapeutic interventions and preventive strategies for such
conditions demands a greater understanding of the processes
underlying normal and pathological brain aging related to
stomatognathic systems.

The greatest risk factor for cognitive decline and
Alzheimer's disease in older adults is age itself (Bishop et
al,, 2010). Cumulating scientific evidence have indicated
a correlation between tooth loss and impaired brain
functions such as memory loss, cognitive impairment,
even prodromes of Alzheimer's disease and dementia
(Avlund et al., 2004; Bergdahl et al., 2007; Gatz et al.,
2006; Grabe et al,, 2009; Kaye et al., 2010; Okamoto et al.,
2010a, 2010b; Stein et al., 2007, 2010). Based on animal
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trials and clinical research, a recent review
(Weijenberg et al., 2011) has highlighted
the causal relationship of mastication on
cognitive functions. The correlation between
the loss of teeth with memory loss, cognitive
impairment, and prodromes of Alzheimer's
disease and dementia has not yet been fully
explored. Kondo et al. (1994) hypothesized
that tooth loss leads to a deprivation of
sensory information input during mastication.
Inflammatory mediators, bacteria, and toxins
associated with periodontitis have been
hypothesized to enhance brain inflammation
(Grabe et al., 2009; Kamer et al., 2008, 2012;
Kim et al., 2007), though as yet no conclusive
study has been completed. In combining the
latest studies, a new hypothesis is proposed:
Loss of teeth and changes in the functionality
of teeth may cause serious damage to the
function of the brain, and may even be a
triggering and aggravating factor in the onset
and progression of Alzheimer's disease and
dementia.

Tooth and Memories Associated
with the Function of Mastication

During the period of mixed dentition, the
roots of the primary teeth begin absorption
while permanent teeth begin growth and
eruption. Post-eruption, the permanent teeth
eventually complete occlusion and allow
mastication. The sensory receptors inside
the periodontal ligament of the permanent
teeth adapt to various functions, including
mastication (Trulsson, 2006, 2007; van der
Glas et al., 2007). This growth continues as the
function of occlusion-mastication matures and
stabilizes. During the stabilization period, the
periodontal sensory receptors of the teeth—
including mechanoreceptors, proprioceptive
receptors, nociceptive receptors, and other
related receptors and nerve endings—build a
functional neuronal connection with the sensory
cortex, on both conscious and unconscious
levels (Trulsson, 2006, 2007; van der Glas et
al., 2007). The periodontal sensory receptors of
the teeth coordinate with masticatory muscles
and joints to form a very precise neuromuscular
reflex (van der Glas et al., 2007). After
accumulating years of functional memories, the
matured and integrated occlusion-mastication
function becomes a basic and even pleasurable
physical act.

In the mature and integrated occlusion-
mastication act, processing food is not the
only mechanical function. Before eating

an apple, for example, memories relating
to this occlusion-mastication act remind us
that when we bite into the apple, we may
expect a crisp and juicy, fragrant and sweet
sensory event. This feedforward memory
and recognition result from the coordinated
and synchronized crossmodal, multisensory
recognition among visual sensory receptors,
olfactory sensory receptors, gustatory
sensory receptors (Boucher et al., 2006),
periodontal mechanoreceptors (Trulsson,
2006, 2007) and even the central connection
and organization of multiple sensory inputs
by the cortical neurons (Hirano et al., 2008;
Momose et al., 1997; Sesay et al., 2000; Takada
et al.,, 2004, Trulsson et al., 2010). After we
have bitten into and began chewing on the
apple, all related sensory receptors began its
recognize, evaluate, and enjoy the fruit. This
simple process of ingesting food is a complex
harmonization of conscious and unconscious
recognition, memory, conditioned reflexes,
and many other functions as multiple neural
transmissions, evaluations, decisions, and
executions happen simultaneously. In the
comprehensive execution of this neural
process, the teeth play a prominent role, as its
nerve endings and sensory receptors enable
the necessary precision in the massive and
comprehensive coordination of diverse players
in the occlusion-mastication act (Trulsson,
2006 2007). In this occlus1on mastication

symphony orchestra,” each tooth is
a musician performing its indelible,
intricate, and indispensable function in creating
the overall harmony of occlusion-mastication.
Should one or more “musician” (teeth) were
to change their function or become missing,
the orchestra's overall harmony is doubtlessly
affected, creating temporary or long-term
dissonances and increasing mental and
physical stress. To adapt to alterations, cope
with stress, and maintain the effectiveness
of the occlusion-mastication function in the
face of such changes, it is necessary for related
sensory cortical and motor remapping (Avivi-
Arber et al,, 2010; Henry et al., 2005).

Tooth and Head/Neck Activities
Associated with the Function of
Mastication

As discussed previously, processing food is
not the only aim of the occlusion-mastication
act. Before, during, and after food ingestion,
all twelve pairs of cranial nerves related to
the head/neck sensory and motor functions
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simultaneously coordinate and integrate
all relevant information. Additionally, all
masticatory muscles, as well as all the muscles
of the head and the neck, participate directly
and indirectly during the occlusion-mastication
act. The exercise of these aforementioned
muscles is necessary for survival; it is also a
natural pattern of routine for the head and the
neck. A growing body of literature suggests
that physical activity beneficially influences
brain function and executive cognitive
processes (Ratey and Loehr, 2011). Evidence
also indicates that mastication can affect
regional cerebral blood flow (Hirano et al,,
2008; Momose et al., 1997; Sesay et al.,, 2000;
Takada et al., 2004).

The occlusion-mastication act can be
changed locally and comprehensively by pain
due to decay, periodontal disease, or removal
of permanent teeth necessary in the occlusion-
mastication act; this change may lead to
subsequent changes in the motor patterns of
the head and neck. In cases of multiple teeth
loss, the motor function of the head and neck
(in particular the quality and quantity of
the masticatory muscular exercises) are also
affected. Long-term negative effects of such
a scenario have been shown in animal and
clinical studies (Andoh et al., 2009; Kato et
al.,, 1997; Kawanishi et al., 2010; Kaye et al.,
2010; Makiura et al.,, 2000; Miura et al.,, 2003;
Ono et al,, 2010, Onozuka et al., 1999, 2000;
Tsutsui et al., 2007; Watanabe et al., 2002;
Yamazaki et al., 2008) and may be plausibly
linked to an impaired learning abilities, loss
of memory, and subsequent development
into prodromes of Alzheimer's disease and
dementia.

Tooth Loss and Hypothesized
Multiple Recurrent Sensory and
Motor Cortical Remapping

Tooth loss leads to change in the occlusion-
mastication function, which in turn leads to
sensory cortical and motor cortical remapping
(Avivi-Arber et al., 2010; Henry, et al., 200S5).
The sensory cortex of permanent teeth holds
the functional and mature memories of the
occlusion-mastication-ingestion act. Once
affected by the sensation of pain due to cavities
or periodontal diseases, changes may take
place, locally and centrally, in the occlusion-
mastication act, causing transitional sensory
cortical remapping (Iyengar et al., 2007).
In other words, the loss of the functional
and mature memories (due to the damage
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or removal of permanent teeth) may cause
sustained, even permanent, sensory cortical
and motor cortical remapping (Avivi-Arber et
al, 2010; Henry et al,, 200S). From the nerve
endings and sensory receptors in the damaged
permanent teeth, to the neurons in the
central nervous system, all related functional
connections undergo a cortical reorganization
during the sensory cortical and motor cortical
remapping. Simultaneously occurring are
local cortical re-circuitry, regional cortical
rewiring, even large-scale cortical restructuring
(Iyengar et al., 2007). The process of the
primary sensory cortical remapping may
overlap into areas of proximate cortical units,
which may in turn affect the cortical circuitries
of teeth, gingiva, and oral mucous membrane
proximate to the affected adjacent tooth or
teeth (Henry et al., 2005). It is hypothesized
that when neighboring or opposing teeth
are lost subsequently, a secondary sensory
cortical remapping is likely to occur, with an
ever-expanding area being affected by the
process of the cortical remapping. Ex analogia,
multiple, sequential loss of adjacent teeth may
cause tertiary and quaternary sensory cortical
remapping. With each remapping, the affected
cortical area grows larger, and with continuous
cortical rewiring and rebuilding and little time
for maturation, the new neuronal pathways
become always further removed from the
semblance of the original optimal connections,
decreasing the efficacy of the sensory
cortical and motor neuronal pathways for the
occlusion-mastication related function and its
associated memories and cognition.

In the primary motor cortical remapping
process, the area affected by the remapping
may expand to nearby cortical neurons, such as
cortical neurons controlling the anterior belly
of digastric muscle and geniglossus muscle
(Avivi-Arber et al,, 2010). It is hypothesized
that if neighboring or adjacent teeth are lost
subsequently, a secondary motor cortical
remapping is likely to occur, with an ever-
expanding area being affected by the process of
the cortical remapping. With each remapping,
the affected cortical area grows larger, and with
continuous cortical rewiring and rebuilding
and little time for maturation, the new neuronal
pathways become yet further removed
from the semblance of the original optimal
connections, decreasing the efficacy of the
sensory cortical and motor neuronal pathways
for the occlusion-mastication function and its
related memories and cognition.
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Recent research studies have shown
that a breakdown in the composition and
organization appears clearly and definitively
in anatomical regions of brain affected
by Alzheimer's disease, thus forming the
disconnection syndrome (He et al., 2009).
The etiology of the disconnection syndrome
correlates to the disruption of the neuronal
integrity of large-scale brain networks. The
memory, motor, and cognitive functions
relating to the occlusion-mastication act
covers multiple anatomical sub-areas of the
brain, including the primary and secondary
motor and sensory cortices, the temporal,
parietal, and occipital lobes, and more (Hirano
et al.,, 2008; Momose et al., 1997; Sesay et
al.,, 2000; Takada et al., 2004, Trulsson et al.,
2010). It is hypothesized that multiple teeth
loss and subsequent changes in the occlusion-
mastication function cause ever-expanding
motor and sensory cortical remapping.
Furthermore, the less efficient cortical
rewiring and rebuilding of the large-scale
brain networks, combined with aging (when
breakdowns in cerebral composition and
organization are more likely), may lead to a loss
of plasticity and an increase in disconnection
in the brain. As the disconnection syndrome
progresses, it is likely that this sequence of
events, which began with the loss of multiple
teeth, is likely cause and worsening factor for
Alzheimer's disease and dementia (Bergdahl
et al., 2007; Gatz et al., 2006; Grabe et al,,
2009; Kaye et al., 2010; Okamoto et al., 2010a,
2010b; Ono et al., 2010; Stein et al., 2007,
2010).

The Scope of Sensory cortical and
Motor Remapping

When a tooth is lost, its periodontal
and pulp sensory receptors (including
mechanoreceptors, proprioceptive receptors,
nociceptive receptors, and other related
receptors and nerve endings) are also lost.
The accompanying functions of these missing
receptors and nerve endings are reassigned to
adjacent teeth and tissues during the cortical
remapping process (Henry et al., 2005).
However, in the primary sensory cortical
remapping process, the affected areas are not
limited to the sensory receptors of the lost
teeth, nor limited to its related areas: The
sensory functions of adjacent oral mucosa,
tongue, and taste buds are also affected and
changed (Habre-Hallage et al., 2011, Boucher
etal.,, 2006). Subsequently, functional changes

may occur to the corresponding sensory
cortex and the relay neurons of the central
nervous system of these affected oral and
lingual mucosa and tissues. Starting within the
sensory and motor cortices, a massive cortical
modification, reorganization, and reintegration
begins in order to adapt all related nerve
endings and receptor cells, even various relay
neurons in the central nervous system (Jain et
al., 2008). (A simultaneous rebuilding of the
cortical nervous pathways may occur, including
local, regional, and large-scale cortical rewiring
and re-integration.)

Tooth Loss Leads to Difficult
Retrieval, or Complete Loss of,
Associated Memory

When a tooth is lost, its interior sensory
receptors (including mechanoreceptors,
proprioceptive receptors, nociceptive
receptors, and other related receptors
and nerve endings) are also lost. The
accompanying functions of these missing
receptors and nerve endings are reassigned to
adjacent teeth and tissues during the cortical
and sensory cortical remapping process.
However, the dental sensory functions make up
an important part in the precise neuromuscular
reflex and all related and associated memories.
A change or damage in the dental sensory
function may cause a comprehensive change
in the mastication and related function such
as postural balance control (Cuccurazzu et
al., 2007, Kushiro and Goto, 2011; Yoshida
et al., 2009). It is hypothesized that after a
certain amount of patching and adapting, the
mastication function may partially return, but
the precise dental sensory function, as well as
the cumulated functional (reflex) memory and
its related conscious and unconscious cognitive
chewing-related memories, may be difficult
to retrieve, gradually fading away or even no
longer in existence. Additionally, the sensory
functions of the adjacent oral membrane,
tongue membrane, and taste buds are also
affected and changed by tooth loss (Boucher et
al., 2006). All related functional memory and
conscious and unconscious cognitive memory
are subsequently affected and changed, very
possibly damaged, difficult to retrieve, or even
permanently lost.

Possible Damage to Brain
Functions Caused by Tooth Loss

A growing number of research evidence
show that the loss of peripheral sensory
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functions, along with age difference and
puberty, correlates with the neuroplastic
changes of the brain, and may even form
crossmodal neuroplastic changes (Merabet and
Pascual-Leone, 2010). The loss of peripheral
sensory receptors and OMFD may also lead to
behavioral adaptations causing multiple levels
of impact and change in the brain (Cuccurazzu
et al.,, 2007, Deriu et al., 2010; Jain et al., 2008;
Kushiro and Goto, 2011; Yoshida et al., 2009).

When multiple teeth loss occurs, the
subsequent sensory and motor cortical
remapping, rewiring, and rebuilding of
various neural pathways on multiple levels
make it difficult in the extreme to return to
the original optimal connections and precise
neuromuscular and associated crossmodal
multisensory functions. Furthermore,
continuous cortical rewiring and rebuilding
of neural pathways may result in serious non-
ideal or over-detoured connections, thus
losing the functions' original high efficacy
level. It is hypothesized that long-term,
regular use of these non-ideal connections
is likely to cumulate in abnormal levels of
burden, may result in producing excessive
Beta - Amyloid, causing synaptic and extra-
synaptic dysfunction (Bordji et al., 2010, 2011;
Gladding and Raymond, 2011) and taxing
the limits of the brain's neuroplasticity. In
certain circumstances, all of these conditions
may combine to form short circuits, becoming
the proverbial final straw in breaking the last
surviving normal brain functions.

Permanent teeth are equipped with
mastication functions and mature memories
and losing them causes functional changes
in the brain. It is possible to adapt to these
changes; however, as the brain ages, the
plasticity of the brain decreases as well, and,
it is hypothesized that should the brain's
functions be further shocked by the loss of
strategic molars, the brain may suffer varying
degrees of impact on multiple levels. In the
aging process, multiple losses of teeth and its
consequent effects may lead to various levels
of cognitive and memory loss in old age, even
dementia or Alzheimer's disease (Avlund et al.,
2004; Bergdahl et al,, 2007; Gatz et al., 2006;
Grabe et al., 2009; Kaye et al., 2010; Okamoto
et al,, 2010a, 2010b; Ono et al,, 2010; Stein et
al.,, 2007,2010).

As shown by the above hypotheses and
worthwhile leads, new light may be shed on
the research on the etiology and treatment of
Alzheimer's disease and new directions and
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strategies considered for future studies in the
fascinating link between teeth loss and brain
change.
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