Chapter 1 )
Salivary Glands’ Anatomy and Physiology s

Maria D. Contreras-Aguilar and Francisco Gémez-Garcia

Objectives

This contribution aims to show the anatomical and physiological characteristics of
the salivary glands as entity for the production of saliva, and to present the composi-
tion of the saliva fluid as a protective medium for the mouth, the start of digestion
and as diagnostic medium. All this from a comparative point of view between
humans and animals.

1.1 Salivary Glands’ Anatomy and Histology

The salivary glands are part of the digestive tract (Nater and Rohleder 2009), and
their major physiological function is to secrete saliva into the oral cavity, which is
essential for the lubrication, digestion, immunity, and overall maintenance of
homeostasis within the body.
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1.1.1 Types of Salivary Glands

Salivary glands are classified as major and minor salivary glands. The terms major
and minor are associated to the anatomic size of the glands and to the volume of
saliva produced (Edgar 1990).

The major salivary glands are bilateral paired glands and include parotid (PG),
which are located opposite the maxillary first molars, and submandibular (SMG)
and sublingual glands (SLG), which are found in the floor of the mouth (Ferreira
and Hoffman 2013; Humphrey and Williamson 2001). Although they are distributed
in a horseshoe shape from the midline to the external auditory canal, bordering the
jaw in human (Velayos and Santana 2007); in domestic animals, not all are equally
developed; neither its topographic localization is the same nor the salivary ducts
arranged identically in all of them. In horses and swine, as well as in human, PG is
the most developed, with an extension from the base of the ear to zone of external
jugular vein conformation. The SMG in cows is the most developed and it is the one
that brings more saliva secretion. In horses and humans, the SMG is divided in its
cervical extreme placed in the cervico-facial transit, and in its rostral extreme placed
in the inter-mandibular space. In human, SMG is the second largest salivary gland,
extended from mandibular angle to the hyoid bone. The SLG in domestic animals
are divided in polystomatic and monostomatic SLG, although only the polystomatic
presented in the horse. In dogs, a differentiated gland appears, named Zigomatic
gland, which derives from the minor dorsal buccal glands in relation with the ptery-
gopalatine fossa (Vazquez-Autén et al. 2002).

The minor salivary glands are distributed in groups of hundreds in the upper
digestive tract mucosa, eg, in the lower lip, tongue, palate, cheeks, and pharynx
(Roth and Calmes 1981). However, in domestic animal, there are other minor sali-
vary glands topographed in relation to the buccinator muscle, the dorsal and ventral
buccal glands, although there are also intermediate buccal glands in ruminants
(Sandoval 1998; Vazquez-Autén et al. 2002).

1.1.2 Histology

Salivary glands are exocrine and are comprised of different types of cells: acinar
cells, various duct system cells, and myoepithelial cells (Humphrey and Williamson
2001) (Fig. 1.1). The glandular histophysiological unit is called sialone and com-
prises the acinar cells as a secretory piece similar to a cluster of grapes (adenomere),
and the ductal portions performed by the duct system cells inside the lobules (intra-
lobulal ducts). However, in the minor salivary glands, subdivision into lobules is not
always complete and they have short, individual excretory ducts (Chimenos Kustner
et al. 2012). Acinar cells secret firstly the saliva into the ductal lumen, which could
be classified as serous, mucous, or mixed (Fig. 1.1). In fact, the quality of saliva
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content varies according the histology of each salivary gland (Edgar 1990): the PG
produces mainly serous secretions, minor glands mainly mucous secretions, and
SLG and SMG produce mixed serous and mucous secretions. Duct system in the
major salivary glands is complex and comprises intercalated, striated, and excretory
ducts. The first two are shaped by a simple epithelium and are located inside the
lobules, so they are called intralobular ducts. While intercalated cells are not
involved in the modification of electrolytes, striated cells are responsible for electro-
lyte regulation. The final ducts called excretory or collector ducts, are shaped by a
bilaminar epithelium with a large light surrounded by connective tissue and contrib-
ute in the modification of electrolytes as well. They are the last part of the duct
network and lead saliva to the oral cavity (Fig. 1.1). With respect to the last cellular
type, the myoepithelial cells, they are arranged intimately around acinar cells, being
part of the basal layer. Its function is to contract to constrict the acini in order to
make secreting or “squeezing out” accumulating fluid. This secreting process is
purely neural (Chimenos Kustner et al. 2012; Edgar 1990; Roth and Calmes 1981).
Finally, a large amount of adipocytes may be found in the stroma, mainly in PG
from human, which with the age a large part of the functional parenchyma might be
replaced by adipose tissue (Velayos and Santana 2007).
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1.1.3 The Excretory Ducts in Major Salivary Glands

The excretory ducts from the major salivary glands are formed when several inter-
lobular excretory ducts join and lead the saliva to the oral cavity. Like the salivary
glands, these excretory ducts are bilateral paired.

The parotid duct in human, called Stensen duct, emerges rostral to the gland, and
runs forward along the lateral side of the masseter muscle until crossing the buccal
fat pad (an encapsulated fat mass in the cheek, presented in humans and porcine)
(Niada et al. 2013), to then taking a steep turn at the border of the masseter and to
pass through the buccinador muscle to open into the vestibule of the mouth on the
parotid papilla (small bumps), which is lied across the second superior molar tooth
(Velayos and Santana 2007). However, its layout is different with respect to domes-
tic species. For instance, in horses, the parotid duct begins also rostral to the gland
but runs ventromedial to the mandible along the pterygoid medial muscle, and then
it turns dorsally to pass the lateral mandible across the mandibular notch together
the facial artery and vein, running after between the facial vein and masseter mus-
cle. After pass through the buccinador muscle, it leads on the parotid papilla lied
into the vestibule of the mouth across the third or fourth maxillary premolar. In the
case of cattle or small ruminants, this duct runs along the ventral surface of the mas-
seter muscle; however, with respect to the dog, the parotid duct runs similar to
human along the lateral side of the masseter muscle (Sandoval 1998).

With respect the mandibular duct, or in human the Wharton duct, its trajectory is
on the bucal floor between the mylohyoid, hyoglosus and genioglosus muscles to
run rostral to the lingual frenulum to lead in the sublingual caruncle (Sandoval
1998; Vazquez-Autén et al. 2002; Velayos and Santana 2007).

The SLG in human has several excretory ducts called Walther’s ducts that lead in
the sublingual caruncles. In the monostomatic SLG from domestic animals such as
cattle or dogs, there is a major sublingual duct, which is similar to the largest
Walther’s ducts in human, called Bartholino duct; that runs alongside the mandibu-
lar duct discharging their excretion into the sublingual caruncles. However, the
polystomatic SLG discharge salivary secretions through severals minor sublingual
ducts located in the sublingual recess of the mucosal fold (Sandoval 1998; Vazquez-
Autén et al. 2002; Velayos and Santana 2007).

Finally, and particularly in the dog, the zygomatic duct from the zygomatic gland
leads into the vestibule of the mouth on the zygomatic papilla, caudal to the parotid
papilla (Sandoval 1998).
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1.2 Saliva Secretion

1.2.1 Regulation

The functional innervation of the human salivary glands is known from studies per-
formed with animal models (Ferreira and Hoffman 2013). Acinar cells and their
associated myoepithelial cells are both innervated by both the sympathetic and the
parasympathetic branches of the autonomic nervous system (ANS), and there is no
antagonism between the two branches (Emmelin 1987). Parasympathetic nerve
impulses produce high-flow, low-protein saliva, whereas sympathetic impulses pro-
duce low-flow, high-protein saliva (Fig. 1.2). However, these are not absolutes.
Parasympathetic stimuli can increase the exocytosis from salivary cells for releasing
proteins in saliva, but seem particularly important for the secretion of mucins on
mucous gland secretion; and adrenergic stimuli can invoke some salivary flow but
not as part of the salivary reflex (Carpenter 2013; Proctor and Carpenter 2007). As
result, the resting flow rate observed in human sampled by passive drooling ranges
from 0.25 to 0.90 mL/min with a mean of approximately 0.4 mL/min, increasing
when a sensory stimuli (visual, olfactory or taste) or parasympathetic activity hap-
pens (Beltzer et al. 2010; Chimenos Kustner et al. 2012; Thie et al. 2002). Although
other factors may vary the resting salivary secretions, such as the age, number of
teeth, sex, body weight the circadian rhythmic, or some medications; as well as
some diseases such as hepatic disease, malnutrition, depression, neurological dis-
eases, diabetes, chronic painful disorders, among other (Thie et al. 2002).
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Fig. 1.2 Scheme on the regulation of salivary flow and protein production
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1.2.1.1 Salivary Gland Innervation Routes

Preganglionic parasympathetic innervation of the PG comes from fibers of the IX
cranial nerve (glossopharyngeal), which are conducted from the medullary region
of the brainstem in the inferior salivatory nucleus (ISN) to its synapse in the otic
ganglion (Fig. 1.2). Subsequently, the postganglionic fibers of the otic ganglion
reach the PG, providing parasympathetic innervation for the secretion of serous-
watery saliva. On the other hand, the innervation of both the SMG and the SLG is
due to parasympathetic preganglionic fibers belonging to the facial nerve (or cranial
nerve VII). These come from the superior salivary nucleus (SSN) to reach the sub-
mandibular ganglion, where short postsynaptic fibers leave the ganglion to inner-
vate the SMG and SLG, which secrete serous-mucous and mucous saliva,
respectively (Davis et al. 1956).

On the other hand, the sympathetic branches come from the sympathetic salivary
centers located in the upper thoracic segments of the spinal cord. The paravertebral
sympathetic trunk carries the ascending preganglionic fibers from the thoracic gan-
glion to synapse at the superior cervical ganglion (SCG). Postganglionic sympa-
thetic fibers exit the SCG and the sympathetic fibers give off branches to reach all
three pairs of major salivary glands through the external carotid artery plexus and its
branches, as the facial artery (Kahle et al. 2010). These branches take charge of
regulating peripheral blood flow, salivary secretion, and local inflammatory and
immune mediators (Emilio Savastano et al. 2010; Mathison et al. 1994).

1.2.1.2 Neurotransmitters Released by Autonomic Nerves Innervating
Salivary Glands

The major types of neurotransmitters released by the autonomic nervous fibers that
innervate the salivary glands are the acetylcholine (ACh) and noradrenaline (NA),
which provides cholinergic and adrenergic signaling responses, respectively
(Fig. 1.2). ACh is mainly the neurotransmitter between preganglionic and postgan-
glionic neurons in both the sympathetic and parasympathetic fibers, and between
postganglionic parasympathetic neurons and salivary glands. Meanwhile, between
postganglionic sympathetic neurons and effector salivary glands, NA is the major
neurotransmitter. Calcitonin gene-related peptide (CGRP), Neuropeptide Y (NPY),
neurokinin A (NKA), neuronal nitric oxide synthase (nNOS), pituitary adenylate
cyclase activating peptide (PACAP), substance P (SP) and vasoactive intestinal pep-
tide (VIP) are other non-adrenergic, non-cholinergic transmitters released from
either parasympathetic, sympathetic or both autonomic nerves in salivary glands.
All of them are neuropeptides with effects on the blood vessels and on the salivary
cells which can modify the protein and/or fluid secretion (Ekstrom 1999; Ekstrom
et al. 1989). For example, together with Ach, VIP is capable to cause vasodilation in
the SMG to increase blood flow and salivary secretion (Lundberg et al. 1981). Or SP
and/or CGRP can be found in sensory nerve fibers from the sympathetic and para-
sympathetic nerve bundles which target ducts and blood vessels in rat SMGs
(Kobashi et al. 2005).
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1.2.2 Pathways of Saliva Secretion

It must be emphasized that the effects of parasympathetic and sympathetic nerve
impulses on protein and fluid secretion from salivary glands can differ between
glands in the same species and between the same gland in different species (Proctor
and Carpenter 2007). Acinar cells are responsible for the secretion of the primary
fluid and of most of the proteins found in saliva (>85%), although duct cells secrete
numerous proteins with important biological activities, e.g., nerve growth factor,
epidermal growth factor, immunoglobulin (Ig) A, and kallikrein (Melvin et al.
2005). The different elements that compound the gland-derived salivary constitu-
ents are transported from the salivary glands’ cells by:

e Process of exocytosis = Most of the proteins secreted by salivary glands are
derived from protein storage granules in acinar cells, which are then released by
a process of exocytosis (Castle et al. 1975; Segawa and Yamashina 1998). Those
proteins have to be firstly synthetized and packaging (Edgar et al. 2012). The
exocytosis starts when neurotransmitters, mainly by a sympathetic stimulation,
but also by a parasympathetic one; exert their activity at the cell membrane
(Asking and Gjorstrup 1987; Nater and Rohleder 2009). They bind to specific
receptor proteins on the basolateral membrane, causing a degranulation of the
storage granules. Na* from sympathetic neurons binds to both a - and -adrenergic
receptors on the acinar cell. al-receptor activation is linked to elevation of intra-
cellular Ca*", which results in large-scale fluid and electrolyte transport, and
modest exocytosis of stored protein; while f1-receptor activation causes eleva-
tion of intracellular cyclic adenosine monophosphate (cAMP) followed by acti-
vation of protein kinase A and phosphorylation of endogenous proteins leading
the fusion of secretory granules with the apical membrane of cells (Baum 1993;
Castle and Castle 1998). In addition, neuropeptide VIP via parasympathetic acti-
vation can also acts on the exocytosis process through cAMP; and cholinergic
stimuli or substance P can give rise to the release of protein by a coupling mecha-
nism involving elevated intracellular Ca** and activation of protein kinase C
(Ekstrom et al. 1989; Moller et al. 1996). For example, this is the way of excre-
tion of the salivary alpha-amylase (sAA).

o Vesicular protein transport (endocytosis) =» Other way to protein secretion is the
vesicular protein transport, as occurs with the secretory IgA. This is actively car-
ried across acinar and ductal cells via a transporter protein, that in the case of the
IgA in called the polymeric immunoglobulin receptor (pIgR). Although this pro-
cess can be up regulated by neural activity due to a parasympathetic and sympa-
thetic activation (Carpenter et al. 1998; Proctor and Carpenter 2002), it does not
involve storage of protein within cells. In the case of IgA, which is made by
plasma cells located in the connective tissues’ gland, binds to the pIgR on acinar
and ductal cells on the basolateral surface and it is endocytosed into the cell.
Then, the vesicle is transported across the cell to the apical membrane, where the
membrane receptor is cleaved to release secretory IgA (the secretory component
is the cleaved part of the pIgR). The pIgR is specific to IgA, and so even though
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there are equal numbers of IgG-, IgA-, and IgM-producing plasma cells within
the gland (Mega et al. 1992), IgA becomes the single-most- abundant antibody
in saliva because it is preferentially bound by the pIgR (Brandtzaeg 1998). IgG
and IgM probably entry into the oral cavity via crevicular fluid (Eliaz Kaufman
and Lamster 2000).

e Intracellular diffusion = This is the case of cortisol, estriol and testosterone in
saliva, which are transported passively (transcellular) from plasma as nonprotein-
bound (unbound) fraction to saliva by diffusing through the cells of the salivary
glands due to its solubility in the lipid-rich cell membranes (Vining et al. 1983).
As result, its concentration in saliva does not depend on the rate of saliva produc-
tion (Biittler et al. 2018; Vining et al. 1983). In the case of cortisol, it is only
presented in saliva as free cortisol (unbound fraction) (Perogamvros et al. 2011).

» Ultrafiltration => Ultrafiltration in salivary glands is the passive transport of
compounds from plasma to saliva via the tight junctions between the acinar cells
(paracellular) due to a positive hydrostatic pressure. It is only allowed for com-
pounds with a relative molecular mass cutoff of approximately 100-300. This
way of transport occurs in lipid-insoluble conjugated steroids, such as thyroxin
or choriogonadotropin (Vining et al. 1983). This rout is by which water also
crosses the cells of the salivary glands when a transepithelial osmotic gradient or
higher hydrostatic pressure happen (Young et al. 1987). On this last case, the
parasympathetic and sympathetic exercise on parenchymal cells short-term regu-
lates the salivary gland blood flow increasing the hydrostatic pressure after an
activation. E.g, the parasympathetic stimulus produce vasodilation within an
integral salivary reflex (Anderson et al. 2006; Mizuta et al. 2000); while the
sympathetic-mediated vasoconstriction, depends on a separate vasomotor con-
trol independent of the salivary reflex (Emmelin and Engstrom 1960). In addi-
tion, the myoepithelial cells, which surround glandular acini, are contracted by
the stimulus of parasympathetic and sympathetic fibers (Tamarin 1966).

»  Water channels or aquaporins transport =» Aquaporins are water channels that
allow the transepithelial water movement. There are five aquaporins expressed in
salivary glands (Aqpl, Aqp3, Aqp4, Aqp5, and Aqp8). However, Aqp5, which is
highly expressed in the apical membranes of salivary acinar cells (Funaki et al.
1998; Matsuzaki et al. 1999), appears to be the only aquaporin to play a major
role in salivation (Gresz et al. 2001; Melvin et al. 2005).

* Active transport of ions by channels = Fluid secretion depends critically on the
movement of CI~, K* and HCO~* ions through Ca?*-activated channels or cotrans-
porters in the luminal membrane (transcellular) (Melvin et al. 2005). The release
of ACh from parasympathetic nerves and its interaction with muscarinic cholin-
ergic receptors (mAChRS) principally regulates fluid secretion on the salivary
glands. Stimulation via mAChR receptors is coupled to secretion of inositol
triphosphate (IP3) and diacylglycerol. The interaction of IP3 with its specific
receptor on the endoplasmic reticulum causes release of stored Ca** (Baum and
Wellner 1999). Rises in intracellular Ca** open, for example, apical membrane
CI~ channels and basolateral membrane K* channels in acinar cells. When CI~
goes out through the acinar apical membrane and K* enters the interstitial fluid is
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created a trans-epithelial potential difference. This electrical potential difference
allows the passive exchange of cations across the tight intercellular junctions and
the luminal accumulation of ions. This generates a transepithelial osmotic gradi-
ent that enables the movement of water via paracellular (ultrafiltration) or trans-
cellular (water channels or aquaporins transport) to create the primary fluid
secretion, which ionic composition in the interstitial fluid bathing the basolateral
aspect of the acinar cells. In addition, the Na*/HCO™* cotransporter activity plays
a potential role in salivary secretion due to the electrogenic HCO~ conductance
generated. However, it appears to be both gland- and species-specific (Kim et al.
2003; Luo et al. 2001; Melvin et al. 2005).

1.3 Saliva

1.3.1 Composition

Whole saliva consists of a mixture of oral fluids, including secretions of the major
and minor salivary glands, in addition to constituents of non-salivary origin derived
from blood and blood derivatives, as intraoral bleeding and gingival crevicular fluid
(serum exudate and inflammatory cells as leukocytes); desquamated epithelial cells
as keratinocytes; other fluids as expectorated bronchial and nasal secretions; extrin-
sic substances as food debris; as well as microbiota as bacteria and bacterial prod-
ucts, viruses and fungi (Kaufman and Lamster 2000).

In human, percentage contributions of the different salivary glands during un-
stimulated flow are as follows: 20% from PG, 65% from SMG, 7% to 8% from
SLG, and less than 10% from numerous minor glands. Stimulated high flow rates
drastically change percentage contributions from each gland, with the parotid con-
tributing more than 50% of total salivary secretions (Edgar 1990; Matsuo 2000). In
addition, although most proteins in saliva are secreted by the salivary glands, there
are large differences between the glands as to which proteins they synthesize
(Carpenter 2013). For example, PG secretes a serous secretion that contains no
mucins but is rich in amylase and proline-rich proteins (PRPs, basic and acid).
Mucins and cystatins are common to the SMG and SLG as well as most minor
glands. Basic PRPs appear to be exclusive to the parotid glands, whereas acidic
PRPs appear in submandibular and parotid glands. However, some proteins are uni-
versal to all glands, such as IgA (the main antibody in saliva). Moreover, the com-
position of saliva can be also affected by physiological situations (age, sex, body
weight, circadian rhythmic, etc), systemic disorders or oral diseases, stress, exer-
cise, etc. (Edgar et al. 2012; Greabu et al. 2009). Additionally, it is important to
stress that the few studies that have targeted the saliva of other mammals suggest the
existence of a different proteome composition among species (de Sousa-Pereira
et al. 2015; Lamy et al. 2009).
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The main gland-derived salivary constituents (Kaufman and Lamster 2000) are

following:

Water and electrolytes =» Salivary fluid is composed of 99% of water (Greabu
et al. 2009). However, it is composed additionally of electrolytes derived from
plasma (Humphrey and Williamson 2001; Kaufman and Lamster 2000), as chlo-
ride (CI7), bicarbonate (HCO;"), sodium (Na*), potassium (K*), calcium (Ca?"),
fluorid, thiocynate, iodine, magnesium (Mg*?), phosphates, ammonia, and sul-
phates. Salivary fluid involves two stages. The primary fluid secreted by salivary
acinar cells into the ductal lumen is a plasma-like, isotonic fluid (stage 1). Then,
the striated duct cells contribute in resorbing Na* and CI~ while the excretory
duct cells continue the Na* resorption and secret K* and HCO;~ (stage 2), subse-
quently modifying the isotonic fluid by a hypotonic one upon passage through
the ducts. This is an energy rich process so that the striated duct cells have large
numbers of mitochondria located in their basolateral part, leading to their
description (Edgar 1990; Melvin et al. 2005). As the secretion of Na* and CI~ by
the acinar cells is upregulated by neural signal from the brain, but not its reab-
sorption by the duct cells, the stimulated saliva has a higher Na* and Cl~ concen-
tration than resting saliva (Matsuo 2000).

Proteins

— Mucin => There are two types, MG1 and MG2. MG is a high-molecular-
weight (a molecular weight greater than 1000 kDa), highly glycosylated
mucin, and forms heterotypic complexes with other salivary proteins such as
amylase, PRPs, statherin, and histatins. However, the MG2 is a low-molecu-
lar-weight (with a molecular weight of 200-300 kDa), single-glycosylated
peptide chain mucin (Iontcheva et al. 1997; Slomiany et al. 1996). They may
be present in distinct amounts and types, and it might be the reason for the
chief differences in the viscoelastic and antibacterial properties in saliva
among species (de Sousa-Pereira et al. 2015).

— Enzymes =>» Saliva contains a variety of enzymes, such as lactoferrins, lyso-
zymes, peroxidases (also known as sialoperoxidase or lactoperoxidase),
glutathione-S-transferase P, sAA, esterases, among others (de Sousa-Pereira
et al. 2015; Humphrey and Williamson 2001; Kaufman and Lamster 2000).
All of them may be or not present in saliva from human and domestic animals,
and at different concentrations. For example, the anhydrase carbonic (CA), an
esterase, includes the 42-kDa CA secreted (CA VI, also named gustin),
reported to be the main CA identified in human saliva, but also identified in
dog, horse, cattle, sheep and rat (Asari et al. 2000; de Sousa-Pereira et al.
2015; Feldstein and Silverman 1984; Fernley et al. 1988). sAA (a-1,4-a-D-
glucan 4-glucanohydrolase; EC 3.2.1.1) is one of the most important enzymes
in human saliva (Nater and Rohleder 2009). Despite its concentration and
activity being lower in other domestic animals, and even previously thought
to be absent, it is also present in saliva from dog, horse, pig and sheep
(Contreras-Aguilar et al. 2017; 2018a, b, c).
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— Immunoglobulins =» Immunologic contents of saliva include secretory IgA,
IgG, and IgM (Humphrey and Williamson 2001). IgA is the main antibody in
saliva. It is actively carried from the connective tissues’ gland across acinar
and ductal cells that express the specific receptors labeled pIgR for polymeric
IgA molecules, which are the prevalent form in mucosal secretions, while in
serum is the monomeric form. Little or no diffusion of Igs into saliva occurs,
except under conditions of inflammation or disease (Carpenter 2013).

— Proline-rich proteins = These PRPs contribute 70% of all amino acids, with
a strongly basic or acidic isoelectric point. They are highly polymorphic, with
a huge variety of proteins not only between individuals but also within the
same individual at different times of the day (Carpenter 2013). However, there
is no evidence of them in some ruminants as sheep and goat (Amado et al.
2013; Lamy et al. 2009).

— Cystatins, histatins and statherins = Cystatins and histatins are cysteine- rich
proteins and histidine-rich proteins, respectively. Statherins are amphipathic
molecules that contain both hydrophobic and hydrophilic domains, highly
surface active (Carpenter 2013). Hitatins and statherins have not been found
in saliva from dog, cattle, sheep, horse, rat and rabbit. However, it could be
postulated that casein, observed in all the animal described above, except in
human, could replace statherin and histatins as an adaptative mechanism (de
Sousa-Pereira et al. 2015), since the genes encoding for this protein family
belong to the same secretory gene cluster; and because its function in oral
cavity is the same that cystatins, statherins, and histatins, by preventing adher-
ence of salivary components and bacteria to enamel (Huq et al. 2005;
Kawasaki and Weiss 2003).

— Cathelicidins =» Cathelicidins are antimicrobial peptides that contain a highly
conserved signal sequence and cathelin domain but show substantial hetero-
geneity in the C-terminal dominion coding the mature active peptide
(Murakami et al. 2002). They have been identified in saliva from cattle, dog,
and rat (de Sousa-Pereira et al. 2015). Some studies highlight the presence of
cathelicidins in human’s saliva (Murakami et al. 2002), while in other they
were not detected (de Sousa-Pereira et al. 2015).

— Other proteins =» In addition the main gland-derived salivary proteins, other
proteins may be also found (Barranco et al. 2018; Contreras-Aguilar et al.
2019). One of these is albumin, which major route of entry into the oral cavity
is via crevicular fluid (Henskens et al. 1993). Other protein that may be found
in saliva is the Chromogranin A (CgA). CgA is an acidic, soluble protein,
which is stored and co-released with catecholamines from granules of the
adrenal medullary and sympathetic nerve chromaffin cells (Blaschko et al.
1967; Oconnor 1983); but is also produced and released from the serous aci-
nar and ductal cells of the human SMG (Saruta et al. 2005), and also has been
detected in salivary glands of rat and horse (Sato et al. 2002). In addition,
there are species-specific proteins like the case of Latherin, a non-glycosylated,
surface-active, detergent-like protein (Lindner et al. 2000; McDonald et al.
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2009). Latherin is secreted by horses at unusually high concentrations in their
sweat, to wet their hairs and facilitate the water flow for evaporative cooling,
because their pelts are thick, hairy and waterproofed. Latherin has been also
detected in saliva, probably as a result of an adaptative strategy to their need-
ing to masticate and process large quantities of dry food material, and their
ability to sustain high levels of exercise for long periods of time.

e Small organic molecules =» In saliva small organic molecules such as amino
acids, creatinine, glucose, lipids, nitrogen, sialic acid, urea and uric acid can also
be found (Eliaz Kaufman and Lamster 2000).

e Hormones = Hormones, such as cortisol, estriol, estradiol, thyroxin and testos-
terone pass into saliva from plasma (Choe et al. 1983; Vining et al. 1983). All of
them may reflect the levels in serum with different degree of correlation between
its levels in saliva and serum. However, there are other hormones that could be
produced directly by the salivary glands. For instance, there are evidences that
salivary melatonin may have a local production in the salivary glands in addition
to the free melatonin coming from plasma (Van Faassen et al. 2017). In addition,
salivary glands during saliva production create an inactive hormone, cortisone,
due to the inter-conversion of hormonally active cortisol (free serum cortisol) by
the 11p-hydroxysteroid dehydrogenase type 2 (Shimojo et al. 1997). Cortisone is
present at higher concentration than cortisol in saliva, and has previously been
shown to have a linear relationship with serum cortisol (Debono et al. 2016).
Although it has been suggested that a linear relationship exists between serum
and saliva levels of insulin in humans (Marchetti et al. 1986), controversy
remains as to the origin of insulin in saliva (Messenger et al. 2003) (See Chap.
8). Furthermore, other hormones related to the regulation of metabolism such as
leptin, adiponectin and ghrelin, are also secreted by the salivary glands (Groschl
et al. 2001, 2005; Cappai et al. 2016).

1.3.2 Function

The major functions of whole saliva are:

* Lubrication and protection =» The best lubricating components of saliva are
mucins (Humphrey and Williamson 2001). Together PRPs, statherin, and
histatins (Iontcheva et al. 1997), they make the saliva viscous since being of low
solubility, high elasticity and strong adhesiveness. So mastication and swallow-
ing are aided by the lubricating effects of mucins, increasing the resistance to
shear at those moments (Humphrey and Williamson 2001).

* Buffering action and clearance = In saliva, HCO;™ is the most important buffer-
ing system. HCO;™ is generated by the intracellular CA catalyzing the reversible
reaction of water and CO, to form HCO;~ and H* (Melvin et al. 2005). When
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HCOs™ diffuses into plaque, it acts as a buffer by neutralizing acids regulating the
salivary pH: an higher flow rate will increase HCO; concentrations in saliva, and
salivary pH will thus be lowest (Edgar et al. 2012). In addition, HCO;~ generates
ammonia to form amines, which also serve as a buffer by neutralizing acids.
After HCO;™ activity, the major buffering ability of saliva is attributed to histatins
(Mandel 1989). Urea, another buffer present in saliva, releases ammonia after
being metabolized by urease activity from plaque bacteria and thus increases
plaque pH (Edgar et al. 2012).

Maintenance of tooth integrity =» MG1 adsorbs tightly to the tooth and thereby
contributes to the enamel pellicle, which protects the tooth from acid challenges
(Iontcheva et al. 1997). In addition, statherins stick tightly to the tooth surface,
and together the acidic PRPs, bind to the high salivary concentrations of calcium
and phosphate compared to hydroxyapatite (the main mineral component of
teeth), to maintain the maturation and remineralization of enamel (Edgar et al.
2012). Therefore, they remain on the surface, bound to hydroxyapatite, to aid in
controlling crystalline growth of the enamel by allowing the penetration of min-
erals into the enamel and by limiting mineral egress (Humphrey and
Williamson 2001).

Antibacterial activity =» The antibacterial activity of saliva may be specific (e.g.
immunoglobulins) or non-specific (proteins, mucins, peptides, and enzymes),
and it helps to control the oral microbiota (Edgar et al. 2012; Humphrey and
Williamson 2001). IgA acts actively on mucosal surfaces, to neutralize viruses,
serves as an antibody to bacterial antigens, and works to aggregate or clump
bacteria, thus inhibiting bacterial attachment to host tissues (Humphrey and
Williamson 2001; Kaufman and Lamster 2002). However, MG2 and IgA com-
plex bind mucosal pathogens with greater affinity than either MG2 or IgA alone
(Biesbrock et al. 1991). In the case of the heterotypic complexes of MG1 with
sAA, PRPs, statherins, and histatins, attract the attachment of certain bacteria
and providing a short-term nutrient source for bacteria (Iontcheva et al. 1997). In
addition, cathelicidins act as antimicrobial peptides of the early host defenses of
mammals against infection (Zanetti 2005). On the other hand, enzymes that act
on the non-specific antibacterial activity are the lactoferrin, lysozymes or peroxi-
dades (Edgar 1990; Humphrey and Williamson 2001).

Taste and digestion => The salivary hypotonicity enhances the tasting capacity of
salty foods and nutrient sources (Humphrey and Williamson 2001) (see Chap. 2).
Saliva has also the early, although limited, role in total digestion by beginning
the breakdown of starch with sAA, the major component of parotid saliva in
human that initially dissolves starch (Humphrey and Williamson 2001; Nater and
Rohleder 2009). The major starch digestion results from pancreatic amylase
(Butterworth et al. 2011). Other enzymes in saliva, such as lingual lipase also
initiate fat digestion (Carpenter 2013; DeNigris et al. 1988). Finally, the bolus
formation is another important function of saliva due to its wetting properties and
its capacity to go into food to allow that the food particles to stick together once
the food have been chewed and breakdown physically (Carpenter 2013).
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1.4 Conclusions

The salivary gland system is a complex organ that produces saliva highly variable
depending the specie and other factors related with its secretion. The secretory unit,
called sialone, comprises an adenomere (secretory part) and the ductal portions that
modify the product secreted by it. The regulation of salivary secretion (fluid and
protein secretion) is carried out by the autonomic nervous system (sympathetic and
parasympathetic) and depends on sensory, electrical and mechanical stimuli.
However, nervous impulses on protein and fluid secretion from salivary glands can
differ between glands in the same species and between the same gland in different
species.

Whole saliva includes the secretions of the salivary glands, besides of non-
salivary origin derived from blood and blood derivatives, desquamated epithelial
cells, other organic fluids, extrinsic substances, as well as microbiota as bacteria and
bacterial products, viruses and fungi. The main gland-derived salivary constituents
are water and electrolytes, proteins (mucin, enzymes, immunoglobulins, among
others), small organic molecules and hormones. The primary functions of saliva
include comprise lubrication, protection, bufferin action, clearance, maintenance of
tooth integrity, antimicrobial activity, taste and digestion.
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