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Abstract
Secretory and anti-inflammatory actions of some gastro-intestinal
hormones in salivary glands
Hülya Çevik Aras
Institute of Neuroscience and Physiology, Section of Pharmacology, The Sahlgrenska Academy,
University of Gothenburg, Box 431, SE-405 30, Gothenburg, Sweden
Textbooks generally state that the secretory activity of salivary glands is solely regulated by
nerves. This view is challenged in the present Thesis, using the parotid gland of the
anaesthetized rat as experimental in vivo model. By changing focus from secretion of fluid to
secretion of protein and of acinar amylase a secretory role was found not only for gastrin and
cholecystokinin but also for the non-traditional gastro-intestinal hormone melatonin. Neither
intravenous infusion of the hormone-analogues pentagastrin and desulfated cholecystokinin-8
nor of melatonin evoked any overt fluid secretion from the duct-cannulated gland. However, a
subsequent intravenous wash-out injection of the secretagogue methacholine revealed
protein/amylase secretion in response to the infusion of the hormone/hormone-analogues. The
hormone/hormone-analogues exerted their effect directly on the gland cells: it persisted in the
presence of α- and β-adrenoceptor antagonists, after disconnecting the gland from its peripheral
ganglia and after evisceration. The gland protein synthesis increased to pentagastrin.
Cholecystokinin(CCK) -A and CCK-B receptor types as well as the melatonin receptors, MT1 and
MT2, were expressed in the gland. By the use of hormone-receptor antagonists, protein secretion
was shown to involve mainly the CCK-A receptors and the MT2 receptors, whereas both types of
cholecystokinin receptors were involved in the protein synthesis. The secretion of
protein/amylase and the synthesis of protein to the hormone/ hormone-analogues were partially
dependent on nitric oxide generated by the activity of neuronal type NO-synthase, probably of
parenchymal origin. Cholecystokinin may occur as a transmitter in the peripheral nervous system
and, hypothetical, cholecystokinin might belong to the group of parasympathetic non-adrenergic,
non-cholinergic transmitters that upon stimulation of the parasympathetic auriculo-temporal nerve
evokes secretion of fluid and, in particular, secretion of protein/amylase. However, the stimulation
of the parasympathetic innervation, in the presence of cholecystokinin receptor antagonists, gave
no support for a transmitter role for cholecystokinin in the gland. Lipopolysaccharide injected
intraductally towards the parotid gland induced inflammation, as shown by neutrophil infiltration
and increased myeloperoxidase activity in the gland, and mobilization of β-defensins, being a
part of the oral defense mechanism. Melatonin and cholecystokinin (sulphated CCK-8)
administered intraperitoneally exerted anti-inflammatory actions in the inflamed gland as judged
by reduced levels of the elevated activity of myeloperoxidase. The effect of melatonin was nonreceptor mediated, while that of sulphated CCK-8 was partially dependent on CCK-A receptors.
The inflammatory response involved NO generated from inducible NO-synthase and neuronal
type of NO-synthase as shown by selective NO-synthase inhibitors, the neuronal type being most
likely of parenchymal origin, since it was activated also in the chronically denervated gland. In
conclusion, the secretory activity of salivary glands seems not only to be regulated by a cephalic
phase of nervous activity but also by a gastric phase and an intestinal phase of endocrine
activity. Circulating melatonin and cholecystokinin/gastrin may not only influence the secretory
activity but may also protect the salivary glands from inflammation. The present findings have
implications for salivary gland dysfunction/dry mouth and its treatment.
Keywords: Salivary glands, protein secretion, synthesis, inflammation, β-defensins,
myeloperoxidase, cholecystokinin, gastrin, melatonin, nitric oxide, nerve stimulation.
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INTRODUCTION

Saliva exerts digestive and protective functions and further, it is necessary for the
articulate speech. It is essential for chewing, bolus formation and swallowing.
Saliva contains enzymes that degrade the food, notable amylase and lipase, and
these enzymes continue their activity in the stomach at varying length of time. It
is a solvent for tastants in food and carries them to the taste buds. A mucin-rich
film of saliva covers and protects the oral structures and promotes the remineralization of the teeth. Bicarbonate and histidine-rich peptides exert saliva’s
buffering capacity. Saliva protects the oral tissues from noxious agents by its
antibacterial, antiviral and antifungal activities through lysozymes, peroxidase,
lactoferrin, immunoglobulin A, histatins, defensins and cathelicidin. A number of
growth-promoting factors are of importance for wound healing. Furthermore, the
constant flow of saliva cleanses the oral cavity from food debris and noxious
agents. The protective functions of saliva are not restricted to just the oral cavity.
Salivary antimicrobial mechanisms protect the upper respiratory tract from
infections, acid in the oesophageus is buffered and mechanical and chemical
damages to the mucosa in the oesophageus and stomach may be repaired by
growth stimulating factors (Kaplan & Baum, 1993; Tenovou, 1998; Van Nieuw
Amerongen et al., 2004). Salivation as a part of the thermoregulation in dogs
(Gregersen, 1931) and rodents (Hainsworth et al., 1967) is a further example,
that saliva may serve various functions.

In addition to the three paired major salivary glands, hundreds of minor glands
contribute to the mixed saliva. The contribution of the various glands varies in
volume as well as in composition. The mucin-rich fluid is mainly produced by the
minor glands and the sublingual gland, while the large volumes of the watery
fluid are produced by the parotid and submandibular glands (Sreebny & Broich,
1988).
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In the salivary glands, the activity of calcium dependent ion channels account for
fluid and electrolyte secretion. Briefly, upon stimulation, cytoplasmatic Ca 2+ rises
as a consequence of a release from internal stores and influx from the
interstitium. Increased levels of intracellular Ca

2+

activates basolateral K+ - and

apical Cl– -channels to open and allow the two electrolytes to move down their
concentration gradients to the extracellular compartment. The accumulation of
Cl- in the acinar lumen will drag Na+ by a paracellular route to the lumen. The
luminal increase of NaCl creates an osmotic gradient that may cause a rapid
movement of large volumes of water into the lumen provided the gland blood
flow is adequately adapted to the increased demands (Poulsen, 1998).

Proteomic analysis of saliva has so far demonstrated several hundreds of
proteins/peptides (Hu et al., 2005). Multiple pathways exist for the secretion of
proteins, the main distinction being the regulated granular secretion and the
constitutive non-granular (vesicle) secretion (Castle & Castle, 1998). Along the
regulated pathway, proteins are condensed, after leaving the Golgi apparatus, in
maturing storage granules and transported to the apical part of the cell and
released from large dense core granules by exocytosis in response to
stimulation. The time from synthesis to exocytosis is several hours. The
intracellular messenger cyclic AMP is usually associated with the exocytosis. The
constitutive pathway is thought to represent the fundamental mechanism for
secretion occurring in all cells. Along this pathway, the proteins, after leaving the
Golgi apparatus, by-pass the granular storage stage and move towards both the
apical and basolateral membranes from where they are continuously released. A
vesicular release in response to stimulation is superimposed upon this
continuous basal constitutive secretion. In salivary glands, biochemical findings
show synthesized proteins to be released as fast as they are synthesized
(Proctor, 1998).

During the passage of saliva through the duct system, the composition of saliva
is modified, while the volume remains unchanged. The uptake of sodium ions
and the secretion of potassium ions are well-known phenomena (Poulsen, 1998).
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The unstimulated constitutive secretion of kallikrein into the ductule lumen is a
further example (Garrett et al., 1996).
During the night and at rest, a small spontaneous secretion from the human
minor glands dominates, while in response to a meal the major glands are
stimulated to secrete by intense nervous activity. A number of reflexes,
preferentially originating from the mouth, are elicited by taste, chewing, dryness
and pain but also by smell and by the distension of the esophagus and the
stomach and by acid in the oesophageus (Hector & Linden, 1999). Moreover,
nausea and vomiting are well-known phenomena inducing salivation by both
peripheral and central mechanisms. Fever and stress are examples of inhibitory
influences on the outflow of impulses from higher brain centers of salivatory
nuclei. The efferent part of the reflex arch consists of the autonomic
parasympathetic and sympathetic nerves (Garrett, 1988).

Whereas the secretory elements of all glands are thought to be supplied with a
parasympathetic innervation, the sympathetic secretory innervation may vary; the
minor human glands as well as the rat sublingual gland are examples of glands
lacking a sympathetic nerve supply of their acinar cells. Parasympathetic
nervous activity may produce large volumes of saliva, whereas sympathetic
nervous activity produces small volumes of saliva. Both nerves cause secretion
of large amount of proteins. Since the volume of sympathetic saliva is small,
sympathetic saliva is usually characterized as protein rich, while parasympathetic
saliva, due to the large volume, is characterized as protein poor. Under
physiological conditions, sympathetic activity is considered to occur in a
background of on-going parasympathetic activity. Combined parasympathetic
and sympathetic activity interact synergistically to enhance both the secretion of
fluid and the secretion of protein (Emmelin, 1979; Garrett, 1988). In contrast to
the positive interactions with respect to the secretion of saliva, the two divisions
of the autonomic nervous system have opposite effects with respect to the
regulation of the blood flow through the glands: parasympathetic activity
increases the flow and sympathetic activity reduces the flow. However, the
sympathetic vasoconstrictor nerve fibers are separate from the sympathetic
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secretomotor nerve fibers and are not activated during reflex secretion. In case
of a dramatic fall in blood pressure, e.g. as a consequence of bleeding, the
vasoconstrictor fibers are activated (Emmelin, 1967; Edwards, 1998).

The classical neurotransmitters released from the peripheral postganglionic
parasympathetic and sympathetic nerve endings are acetylcholine and
noradrenaline, respectively, and the acinar cells are supplied with muscarinic
receptors of various subtypes as well as of α1- and β1-adrenergic receptors.
Apart from being exposed to acetylcholine and noradrenaline and, in addition to
circulating catecholamines, a number of so called non-adrenergic, noncholinergic co-transmitters stimulate the acinar cells. Some of these transmitters
cause a large volume of secretion such as the tachykinins, while others cause
just a small flow or no overt fluid secretion at all but add proteins to the saliva;
parasympathetic vasoactive intestinal peptide, calcitonin gene related peptide
and neuropeptide Y are examples of the latter. Interestingly, the various
neuropeptides may interact synergistically with each other but also with the
classical transmitters (Ekström, 1999). Though the parasympathetic nerves of
the salivary glands contain the nitric oxide (NO) forming enzyme NO-synthase,
the transmitter role of nitric oxide of parasympathetic origin is unclear. No doubt
NO is involved in protein secretion, protein synthesis and mitotic activity but this
is due to the activity of NO-synthase of non-nervous, parenchymal, origin rather
than of nervous origin (Sayardoust & Ekström, 2003, 2006; Ekström et al., 2004).

Nerves do not only exert short-term influences on the glands, such as on the
secretion of fluid and proteins, the contraction of the myoepithelial cells and the
blood flow but also exert long-term influences on the receptor sensitivity to
agonists, the synthesis of proteins and the gland size (Emmelin, 1967).

Hormones do also take part in the long-term regulation of salivary glands. The
increased frequency of dry mouth in post-menopausal women is usually
associated with the decrease in oestrogen production (Eliasson et al., 2003;
Meurman

et

al.,

2009).

In

rodents,
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gonadectomy, adrenalectomy and experimental diabetes cause glandular
atrophy, change in saliva composition and volume of saliva secreted (Shafer &
Muhler, 1953; Ohlin, 1965; Takeuchi, 1977; Johnson, 1988; Anderson, 1994;
Mahay, 2004).

In contrast, hormones are, on the whole, not thought to play any role in the shortterm regulation of salivary glandular activities. Since the food is usually in the
mouth for a very brief period a nervous regulation with its rapid onset and high
precision in action may, from a functional point of view, seem more appropriate
than an endocrine regulation to control the glands acutely. On the whole, few
studies have been devoted to acute hormonal effects on salivary glands.
Aldosterone has a great effect on the electrolyte composition on the parotid
saliva of the sheep (Blair-West et al., 1967). Upon a latent period (90-120 min),
of about two hours, it increases the sodium uptake in the duct system. However,
its effect on human saliva is small. There are studies reporting a sparse fluid
secretion from the rat submandibular gland upon administration of secretin and
cholecystokinin (Iwabuchi & Masuhara, 1994; Takai et al., 1998) and two short
notes reporting increases in amylase concentration in resting flow of saliva from
the human parotid gland upon infusions of gastrin, secretin and cholecystokinin
(Mulcahy et al., 1972; Matfertheiner P et al., 1980). Moreover, pentagastrin
infusion increases the saliva content of epidermal growth factor in humans
(Konturek et al., 1989). On the other hand, gastrin and secretin were without
effect on volume or protein output of parotid saliva in the dog (Clendinnen et al.,
1970), while gastrin inhibited on-going secretion of saliva in the sheep (Grovum
& Leek, 1988), and secretin was without effect on mucous secretion in humans
(Descos F et al., 1973). No systematic investigations on the secretory effect of
gastro-instestinal hormones on salivary glands seem to be on record. The
present study, using the rat as the experimental animal, focuses on the
hormones gastrin, cholecystokinin and melatonin, which are all released in
response to a meal (Konturek & Konturek, 2000; Heuther, 1994; Bubenik et al.,
2000; Rice et al., 1995; Ingenito et al., 1986). Though melatonin is usually
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associated with the corpus pineale and the circadian rythm, high concentrations
are to be found in the intestines (Bubenik, 1980; Heuther, 1994).
Gastrin was the second hormone to be described (Edkins 1905). It is released
from endocrine cells in the antrum and duodenum. It is initially synthesized as
progastrin and finally processed to amidated gastrin. Gastrin may occur in a
number of molecular forms, in humans mainly as G-17 and G-34 (Shulkes &
Baldwin, 1997; Dockray et al., 2005). Gastrin stimulates acid secretion via two
routes, by a direct action on the parietal cells and indirectly by causing the
release of histamine from the enterochromaffin-like cells. It is also trophic to the
gastric mucosa. Moreover, it stimulates the pancreatic gland to release protein.
Gastrin is released by sight and smell of appetizing food as well as by food in the
mouth through vagal activity and by food in the stomach through long reflexes
(involving the central nervous system), short reflexes and digestive products
(Kwiecien & Konturek, 2003). Pentagastrin possesses the same biological
activity as native gastrin and is usually used for clinical and experimental
purposes (Johnston & Jepson, 1967).

Cholecystokinin is located in endocrine cells of the duodenum, and was first
shown to contract the gallbladder (Ivy & Oldberg, 1928) and later found to cause
the release of enzymes from the pancreas (Harper and Raper, 1943). Also
cholecystokinin

may

occur

in

various

molecular

forms,

in

humans

cholecystokinin-33 and -22 dominate (Rehfeld, 2004). Apart from the effects
already mentioned, cholecystokinin also stimulates bicarbonate secretion from
the gastric mucosa and the exocrine pancreatic gland as well as pepsinogen
secretion, and it inhibits gastric emptying and further, provides signals for satiety.
Cholecystokinin is thought to be released by intraluminal products of digested fat
and protein (Wank, 1995).

Cholecystokinin shares the same carboxyl heptapeptide as gastrin at the end of
the biologically active part of the molecule. Consequently, they may act at the
same receptors and evoke the same response. The cholecystokinin/gastrin
family interacts with at least two receptors, cholecystokinin A and B receptors,
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which belong to the G-protein-coupled receptor family (Wank, 1995). A third type
of high-affinity receptor for cholecystokinin in the stomach, the gastrin receptor
(Soll et al., 1984), turned out to be identical with the cholecystokinin B receptor.
The two types of receptors are highly homologous, having 48% amino acid
identity. Besides these traditional receptors, homo- and heterodimerization of
cholecystokinin A and cholecystokinin B receptors have been demonstrated
(Cheng et al., 2003).

Melatonin was discovered in the pineal gland by Lerner (1958). It is synthesized
in a variety of tissues. In the intestinal mucosa, melatonin is confined to the
enterochromaffin cells, also storing the related serotonin. The amount of
melatonin in the intestines is about 400 times that in the pineal gland (Bubenik,
1980; Huether, 1994). Melatonin stimulates duodenal bicarbonate secretion and
pancreatic amylase secretion (Sjöblom & Flemström, 2003; Jaworek et al.,
2004). Many of the melatonin’s regulatory roles are mediated through high
affinity and G protein-coupled receptors, melatonin 1 and melatonin 2 receptor
subtypes. A close relationship between food intake and melatonin release from
the intestines has been reported (Bubenik, 2002; 2008).

Salivary gland inflammation may cause hyposalivation, Sjögren´s syndrome
being the classic example (Grišius & Fox, 1998). However, a reduced flow of
saliva may also allow microorganisms to invade the salivary gland duct system
and the secretory cells, resulting in chronic gland inflammations (Van-Winkelhoff
& Boutaga, 2005). As a consequence of the inflammation, the oral health is
jeopardized. In recent years, β-defensins, a group of small antimicrobial peptides
of the innate immune system have come into focus as a part of the defense
system. They have a broad spectrum of activity against Gram-positive and
Gram-negative bacteria, fungi and virus. β-Defensins are expressed along the
epithelial surfaces of the digestive tract, including the oral mucosa, gingival
tissue, tongue and salivary glands, and they appear in the saliva (Schutte &
McCray, 2002; Dunche et al., 2001).
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Interestingly, cholecystokinin and melatonin, in particular, are reported to display
anti-inflammatory actions, e.g. inhibiting neutrophil infiltration and neutralizing
reactive oxygen and nitrogen compounds, and may be thought of as potential
therapeutic options (Carrasco et al., 1997; Ling et al., 2001; Reiter, 2001; Barlas
et al., 2004; Jahovic et al., 2004; Topal et al., 2005). Nitric oxide seems to play a
key role during inflammation, and may both promote and inhibit the process.

Nitric oxide is synthesized from L-arginine and molecular oxygen by the enzyme
nitric oxide synthase (NOS). Nitric oxide has the ability to diffuse through cell
membranes. Three isoforms of NOS have been identified, the neuronal type
(nNOS), the endothelial type (eNOS), both constitutively expressed, and the
inducible type (iNOS). Neuronal NOS is expressed both in nervous tissue and in
epithelial cells. Neuronal NOS as well as endothelial NOS are activated in
response to a generated calcium signal, for instance, by nerve activity or the
exposure of the blood vessels to shear stress. Nitric oxide formed in response to
the two constitutive NO-synthases activates soluble guanylate cyclase to form
cyclic GMP (Moncada et al., 1991). The inducible NOS is activated by cytokines
and bacterial lipopolysacharide, and nitric oxide may originate from neutrophils
and macrophages. Nitric oxide released upon the activity of inducible NOsynthase is not thought to work through the cGMP-pathway. It is cytotoxic (partly
because it interacts with oxygen derived radicals) not only for invading
microorganisms but also for the host immune cells. In Sjögren´s syndrome,
inducible NO-synthase is present in acinar and ductal cells (Konttinen et al,
1997).

In the first section of this Thesis, a trace secretion from the submandibular gland,
but not from the parotid gland, occurred in response to the cholecystokinin
analogue desulfated CCK-8 and to the gastrin homologue pentagastrin (1).

In previous studies from this laboratory on parasympathetic non-adrenergic, noncholinergic transmitter mechanisms in salivary glands, neuropeptides were found
to cause secretion of proteins and to evoke exocytosis of acinar secretory

8

Hülya Çevik Aras

granules without any accompanying overt secretion of fluid (Ekström, 1999). The
“occult” neuropeptide-evoked protein secretion was revealed by a subsequent
wash-out flow of saliva in response to volume-producing secretagogues
administered to the blood stream. By applying this in-vivo approach, a basal
secretion of protein/amylase was initially demonstrated and possible influences
on this secretion were tested in the next section (2).

This basal secretion served as reference to the response of the submandibular
(section 3) and parotid glands (section 4) upon administration of the
hormone/hormone-analogues. The outcome made the parotid gland to become
the primary study object. In this gland, amylase is the major exportable protein,
being 35% of total secretory protein (Robinovitch et al., 1977). It reflects acinar
secretion, while total protein reflects both acinar and ductal secretion. The
following experiments were designed to define whether the hormone/hormoneanalogues evoked secretion by a direct effect on the gland cells. In this
connection, the types of receptors involved were examined as well as their
glandular expression.

In the next section (5), the effect on the glandular synthesis of protein following
exposure to pentagastrin was investigated. Receptors involved in the observed
increase were examined by the use of antagonists and further, the consequence
of the receptor blockade on the basal protein synthesis was defined.

Next (6), the involvement of NO generation in the protein/amylase secretion
(pentagastrin and melatonin) as well as in the protein synthesis (pentagastrin)
was considered. Moreover, particular attention was paid to the contribution of the
neuronal type of NO-synthase to the generation of NO (Ekström & Sayardoust,
2003).

Cholecystokinin may serve as a transmitter in the autonomic nervous system
(Rhefeld, 1980), and was suggested to act as parasympathetic non-adrenergic,
non-cholinergic transmitter evoking secretion of saliva from the submandibular
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gland of the rat (Takai et al., 1998). In section 7, the possibility that not only
cholecystokinin of gastro-intestinal origin but also cholecystokinin of nervous
origin contribute to the regulation of the secretory activity of the parotid gland
was explored.

In the last section (8) of this Thesis, an experimental model was worked out for
studies on inflammation and its resolution, using the rat parotid gland exposed to
the retrograde ductal injection of bacterial lipopolysaccharide. Myeloperoxidase
activity reflected the neutrophil infiltration of the gland tissue, and the
antimicrobial β-defensins were found to increase. In a number of experiments,
the effect of melatonin and cholecystokinin on the increase in myeloperoxidase
activity following the local injection of lipopolysaccharide was followed and
further, the involvement of inducible and neuronal NO-synthases was explored.

In summary, the objective of this Thesis is to define the roles of the traditional
gastro-intestinal hormones gastrin and cholecystokinin as well as the role of the
non-traditional gastro-intestinal hormone melatonin in the regulation of glandular
activities associated with secretion and with special attention to:

1) The secretion of proteins and the synthesis of proteins.
2) A direct or indirect action of the hormones on the glands, the types of
receptors involved and the nitric-oxide dependency.
4) Cholecystokinin as a possible parasympathetic non-adrenergic, noncholinergic transmitter; and further, to define an anti-inflammatory role in the
lipopolysaccharide-induced gland inflammation with respect to:
5) Melatonin and cholecystokinin, mediating receptors and the involvement of
neuronal and inducible types of nitric oxide-synthase in the inflammatory
response.
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MATERIAL AND METHODS

Adult female rats of a Sprague Dawley strain were used. They were maintained
on a pelleted standard diet and tap water ad libitum. Prior to the acute
experiments, the rats of Papers II–V were fasted over-night (but for a study group
in V). The experiments were approved by the local animal welfare committee,
Gothenburg, Sweden.

For the chronic experiments, the rats were anaesthetized with a combination of
pentobarbitone (20 mg/kg, I.P.) and ketamine (50 mg/kg, I.M.); buprenorphine
(0.015 mg/kg, S.C.) was given as an analgesic.

For the terminal experiments, the rats were anaesthetized with pentobarbitone
(55 mg/kg, I.P., additional doses were given intravenously as required). The body
temperature was kept at about 38º C by using a heating blanket connected to a
rectal probe. A tracheal cannula was fitted. The rats were provided with a femoral
venous catheter on both sides; one serving as a conduit for hormone/hormoneanalogue infusion and the other for injection of methacholine and various
blockers. In some types of the experiments, receptor antagonists were
administered intraperitoneally (VII).

At the end of the experiments, the animals were killed, still under pentobarbitoneanaesthesia, by exsanguinations after cutting the abdominal aorta.

Preliminary surgery
Combined

parasympathetic

postganglionic

denervation

and

sympathetic

postganglionic denervation was achieved by avulsion of the auriculo-temporal
nerve (Khosravani et al., 2006) and avulsion of the superior cervical ganglion
(Alm & Ekström, 1977). The wound was sutured and the animals were allowed to
recover. The acute experiments were performed 1-2 weeks postoperatively
(allowing time for nerve degeneration).
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Duct-cannulations: collection of saliva or retrograde ductal injections
The parotid duct was exposed on the masseter muscle, close to the mouth, by a
skin incision. The submandibular duct was exposed under the myelohyoideus
muscle. To collect saliva a fine polyethylene tube (filled with distilled water) was
inserted, under the dissection microscope, into the duct. Saliva was either
collected on pre-weighed filter papers or in ice-chilled pre-weighed EppendorfTM
tubes and then they were re-weighed. The saliva was frozen (-20° C) and stored
(-70° C). The specific density of the saliva was taken to be 1.0 g/ml.

For retrograde ductal injection (Alm & Ekström, 1976), a syringe filled with LPS
(a concentration of 0.2 mg/ml in sterile saline) or just saline as control, attached
to a fine polyethylene tube was inserted into the duct and 0.04ml of the solution
was injected towards the gland during 5 seconds. The tube was then cut open
for 5 seconds to allow overflow if any, and was closed 2-3 min later by heating;
then, the wound was sutured. The gland on the contralateral side was untreated.
Terminal surgery: denervation and/or evisceration
Combined parasympathetic and sympathetic denervation of the parotid gland
was the same surgical procedure as for the chronic procedure (see above, I, V).
Evisceration was performed by ligating the coeliac artery (which interrupts the
arterial blood supply to the liver), the superior mesenteric artery and the hepatic
vein. The esophageus and the rectum were divided, and the stomach, spleen,
pancreas and the small and large intestines were removed (I, V; in V denervation
and evisceration were performed in the same rat).
Fluid secretion: submandibular gland
Pentagastrin and desCCK-8 were infused intravenously over a period of 1 hour.
There was no secretion from the parotid gland but a trace secretion appeared
from the submandibular gland (I). Saliva was collected over 5- min periods by
pre-weighed filter paper. The experiments were performed in the presence of αand β-adrenoceptor antagonists as well as atropine.
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Metacholine-evoked wash-out secretion: the standard protocol

The Figure, showing the mean responses of seven rats, illustrates the
experimental protocol. Three intravenous bolus injections of methacholine (5
µg/kg) given with 10 min intervals, were followed by a 5 min pause (during which,
when appropriate, blockers were given), then a 10 min long period of intravenous
infusion of hormone/hormone-analogues or saline (horizontal line; in the present
case melatonin 25 mg/kg) followed. Ten minutes after the end of the infusion,
methacholine was once again injected every 10 minute over 30 minutes. For
statistical evaluation, the response to the fourth methacholine injection was
compared to that of the third, set to 100%. The methacholine response was
prompt and with a short duration (< 1 min). The saliva produced in response to
an injection was collected in ice-chilled pre-weighed tubes. The experiments
were performed in the presence of α- and β-adrenoceptor antagonists.
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Stimulation of the parasympathetic auriculo-temporal nerve
The auriculo-temporal nerve was stimulated at supramaximal voltage (7 V, 2 ms)
using a Grass S48 stimulator with an isolation unit (Grass SIU 5A), at a
frequency of either 10 Hz or 40 Hz (IV). Saliva was collected in pre-weighed icechilled tubes during each stimulation period. The experiments were performed in
the presence of α- and β-adrenoceptor antagonists and, when appropriate,
atropine as well. Six stimulation periods were applied to nerve, each of a
duration of 3 min in the atropinized rats and of 2 min in the non-atropinized rats.
The interval between two stimulation periods was 5 minutes. Immediately after
the end of the second stimulation period, the CCK-A receptor antagonist
lorglumide was injected intravenously. In the same animal, the CCK-B receptor
antagonist itriglumide was injected intravenously immediately after the end of the
fourth stimulation period. As to controls, the same stimulation protocol was
followed but saline replaced the hormone-receptor antagonists. For the statistical
evaluation, the response to the third stimulation period (in the presence of the
CCK-A receptor antagonist) was compared to that of the second stimulation
period (set to 100%) and the response to the fifth stimulation period (in addition,
in the presence of the CCK-B receptor antagonist) to that of the fourth
stimulation period (set to 100%).
Assay of protein and amylase
The salivary protein content was analysed by the method of Lowry et al. (1951)
and expressed in terms of concentration (µg/µl saliva), using bovine serum
albumin as standard (I, II, IV, V). The salivary amylase activity was measured by
an

enzymatic

colorimetric

test

(Roche

Diagnostics),

using

α-4-

nitrophenylmaltoheptaoside (4NP-G7) as substrate (Hägele et al., 1982). One
unit (U) of catalytic activity of α-amylase is defined as the hydrolysis of 1 µmol of
4NP-G7 per min per µl, being equivalent to the definition of the international unit.
The salivary amylase was expresessed in terms of concentration (U/µl) or as
total otput (U).
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Protein synthesis: [3H] leucine incorporation
To measure the incorporation of [3H]leucine into trichloroacetic acid-insoluble
material of the parotid gland, 500 µCi/kg of leucine in 0.5 ml saline, was injected
intravenously 30 min after the end of an hour long intravenous infusion period of
pentagastrin (20 µg/kg/h). The experiments were performed in the presence of αand β-adrenoceptor antagonists as well as atropine. CCK-receptor antagonists
and nitric oxide synthase inhibitors were administered before the infusion period.
The animal was killed 15 min after the [3H]leucine administration by
exsanguination, and the parotid glands of both sides were removed, washed in
saline, pressed between gauze pads, placed on filter paper to remove adherent
tissue (if any) and to absorb additional fluid, weighed, frozen (-20° C) and stored
(-70° C) until processed within a week (III). Following the processing of the gland
tissue, the final precipitate was analysed in a scintillation counter. The amount of
radiolabelled leucine was expressed as disintegrations per min per mg of gland
tissue. In each study group, two rats were paired, based on age and body
weight, before the experiment began, one to serve as experimental animal and
the other as control animal. The pair of animals was treated concomitantly and in
the same way apart from the difference in type of infusion (and pretreatment of
drugs) and furthermore, the glands of each pair were processed and analysed at
the same time.
Immunoblotting: CCK- and melatonin-receptors
Western blot technique was used to determine the expression of CCK- and
melatonin- receptor proteins in the salivary glands (and for comparison the
pancreatic gland and antrum of the stomach). The tissues were homogenized
and centrifuged. The supernatants were analysed for protein content with an
assay from Bio-Rad Laboratories AB, using serum albumin as standard. Applying
equal amounts of protein, the proteins in the homogenates were electroblotted
and later application of first primary and later secondary antibodies performed. A
high-performance chemoluminescence film was developed and the membranes
were scanned (Paper I, V).
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Tissue myeloperoxidase activity: neutrophil infiltration
Tissue myeloperoxidase activity was determined according to Hillegas et al.
(1990) and Kuebler et al. (1996) (VI, VII). Though, the assay is not thought to be
influenced by other peroxidases (Kuebler et al., 1996), a selective inhibitor
(Dapsone,

diaminodiphenylsulfone)

of

peroxidases

(and

not

of

myeloperoxidase), was used to ascertain the specificity of the assay (Thomas et
al., 1994). One unit of enzyme activity was defined as the amount of
myeloperoxidase present that caused a change in absorbance of 1.0 per min at
37˚C. Myeloperoxidase activity was expressed as total activity (units per whole
gland per minute).
Histology: neutrophil infiltration
To confirm glandular cell infiltration, as a response to lipopolysaccharide, in the
parotid and submandibular glands, tissue specimens were stained for
hematoxylin and eosin (VI).
ELISA assay: β-defensins
Based on a sandwich ELISA protocol (Faurschou et al., 2002) an indirect ELISA
for detection and quantification of rat β-defensins 1, 2 and 3 was designed (VI).
The amounts of β-defensins were expressed in terms of µg per 100 mg gland
tissue.

Chemicals
Lipopolysaccharide (Escherichia coli LPS 0111:B4; purified by gel-filtration
chromatography),

Pentagastrin,

cholecystokinin

octapeptide

desulfated

(desCCK-8 ) or sulfated (sCCK-8), melatonin, CCK-A receptor antagonist CR1409 (lorglumide), CCK-B receptor antagonist CR 2945 (itriglumide), melatonin
receptor antagonist luzindole, metacholine hydrochloride, non-selective nitric
oxide-synthase inhibitor L-NAME, inducible nitric oxide-synthase inhibitor L-NIL,
atropine

sulphate

and

propranolol

hydrochloride

and

Dapsone

(diaminodiphenylsulfone) were from Sigma Chemicals, phentolamine mesylate
was from Novartis Pharma AG, [3H]leucine was from Amersham Biosciences,
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neuronal nitric oxide-synthase inhibitor N-PLA from Cayman Chemical Company
and pentobarbitone sodium was from Apoteksbolaget, Stockholm, Sweden.
Statistical analyses
Statistical significances of differences were calculated by Student’s t-test for
paired or unpaired values or by one-way analysis of variance (ANOVA) followed
by Fisher’s protected least-significant difference. Probabilities of less than 5 %
were considered significant. Values are means ± S.E.M.

RESULTS AND DISCUSSION

Basal values: methacholine- and nerve evoked saliva
The mean volume of saliva secreted from the submandibular gland was 16 µl in
response to an intravenous bolus dose of methacholine (5 µg/kg), while the
mean salivary protein concentration was 0.5 µg/µl. The volume of parotid saliva
secreted was 9.5-11.7 µl to methacholine 5 µg/kg; the mean salivary
concentration of protein was within the range of 2.0-5.1 µg/µl, while that of
amylase activity was 0.6-1.6 U/µl.

In response to parasympathetic stimulation at 10 Hz, the parotid gland secreted
a mean of 52 µl/min saliva in the absence of atropine, and in its presence 8
µl/min, the mean amylase concentration being 1.0 U/µl and 10 U/µl, respectively.
At 40 Hz, in the presence of atropine, the mean flow rate was 23 µl/min and the
amylase concentration was 6 U/µl.

Since in the studies using the wash-out design, the post-infusion volume of
saliva to methacholine was the same at that to the pre-infusion volume of saliva,
protein and amylase were expressed as concentrations (Paper I, II, IV and V).
On the other hand, volume changes occurred when using the experimental
protocol for nerve stimulation. Therefore, figures for the total output of amylase
were also used.
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(1) Fluid secretion
There was no resting flow of saliva from the submandibular and parotid glands in
the anaesthetized animals. In the submandibular gland, but not in the parotid
gland, pentagastrin and desCCK-8 evoked a trace secretion in the presence of
muscarinic- and α- and β-adrenergic- receptor blockade (I). No secretion of
saliva was observed in response to melatonin from the two types of glands (V,
and unpublished observation with respect to the submandibular gland).
(2) Basal (constitutive) secretion
A continuous secretion of protein/amylase occurred from the both glands (I, II,
V). This was revealed by an increase of the interval of the repeated wash-out
injections of methacholine (from 10 min to 25 min). The concentration values
being elevated by 10-30% in the parotid saliva and by 70% in the submandibular
saliva (only protein), while the volume of saliva secreted to methacholine
remained unchanged. (I, II, V)

The elevation occurred in the presence of α- and β-adrenergic receptor
blockade, and was unaffected by the various hormone-receptor antagonists and
NO-synthase inhibitors tested. The increase is presently attributed to on-going
constitutive secretion. In this connection, it should be mentioned that the
phenomenon occurred also after acute denervation of the glands and
evisceration (I, V).

(3) Protein secretion of the submandibular gland
Pentagastrin and desCCK-8 evoked higher figures for the protein concentration
in the wash-out saliva than control values (125% and 114%, respectively, versus
70%) but a significant difference was not attained under the present
experimental set-up (I). The volume of the wash-out saliva to methacholine
remained unchanged. Subsequent observations on the secretion of protein were
focused on the parotid gland.
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(4a) Protein and amylase secretion of the parotid gland
The protein concentrations of the wash-out saliva to methacholine (as compared
to pre-infusion values) were significantly higher than in corresponding controls, in
response to pentagastrin by 141% (158% and 145% versus 11%, I, II), for
desCCK-8 by 74% (85% versus 11%, I) and for melatonin by 29-70% (53-94%,
depending on dose, versus 24%, V). Similar effects were observed with respect
to the amylase concentration, being for pentagastrin by 105% (127% versus
22%, II), desCCK-8 by 45% (68% versus 23%, I) and melatonin by 27-64% (5390%, depending on dose, versus 26%, V). Apart for melatonin, the observations
were performed on non-fasted rats. However, food intake did not affect the
magnitude of the response to melatonin (V).

The volume of the wash-out saliva in response to methacholine remained
unchanged. Therefore, any change in the concentrations of protein and amylase
activity reflects a change in the total output of protein and amylase. The changes
in acinar amylase output went in parallel with the changes in total protein output.

The elevated protein and amylase outputs were not a reflection of synergistic
interactions between the hormones and methacholine, as shown by a change in
the standard protocol (I, V). Instead of injecting the first post-administration
wash-out dose of methacholine 10 min after the end of the period of hormone
infusion, an injection of methacholine was given already at 5 min and then,
followed by “the ordinary” injection of methacholine 5 min later (i.e. 10 min after
the end of infusion period). If a potentiating effect was at work at 10 min,
enhanced responses would be expected despite the preceding methacholine
injection just 5 min after the infusion period. With respect to both pentagastrin
and melatonin, neither amylase nor proteins were significantly elevated
compared to the pre-infusion period. Importantly, the amylase and protein
responses to the injection 5 min after the end of the infusion were markedly
increased, while the volume of saliva remained unchanged.
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The hormones most probably evoked protein/amylase secretion by a direct
action on the secretory cells of the glands (I, II, V). The responses were still
evoked after excluding potential influences exerted by the central nervous
system or autonomic ganglia and circulating catecholamines as well as the
stomach, the intestines, the spleen and the liver.

(4b)

Cholecystokinin

and

melatonin

receptors

involved

in

the

protein/amylase secretion
The

CCK-A

receptor

antagonist

lorglumide

prevented

completely

the

protein/amylase response to pentagastrin and desCCK-8. In the presence of the
CCK-B receptor antagonist itriglumide, the glands still responded to both
desCCK-8 and pentagastrin. However, the pattern was not uniform, since the
response to desCCK-8 was unaffected by itriglumide, while the response to
pentagastrin was significantly less than in the absence of itriglumide (I, Fig. 2).
The

melatonin

receptor

blocker

luzindole,

prevented

the

expected

protein/amylase increase to melatonin. Luzindole displays a higher affinity for
MT2 receptors than MT1 receptors. Presently, it is not possible to decide
whether just MT2 receptors or also MT1 receptor subtypes were involved in
mediating the secretory response.

The pancreatic amylase secretion evoked by melatonin is thought to depend on
a melatonin-induced release of cholecystokinin, which in turn activates a vagovagal reflex eliciting the pancreatic gland to secrete amylase (Leja-Szpak et al.,
2004). As shown by the use of the CCK-A receptor antagonist lorglumide the
melatonin-induced protein/amylase response of the parotid gland did not require
cholecystokinin as intermediary agent.

(4c) Expression of cholecystokinin and melatonin receptors
Appropriate receptor antibodies recognized both CCK-A and CCK-B receptor
proteins in the parotid and submandibular glands (I). The expression of these
receptors did also appear in chronically denervated parotids. Likewise, both MT1
and MT2 receptor proteins were identified in the parotid gland (V). The specific
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binding of the receptor proteins was tested in the presence of blocking peptides
or in the absence of primary antibodies, and in neither case did the expected
protein bands appear.
(5) Protein synthesis
A 17% increase in the protein synthesis of the parotid gland, as judged by the
incorporation of [3H] leucine into trichloroacetic acid-insoluble materials, followed
upon infusion of pentagastrin over one hour (under muscarinic and α- and βadrenoceptor blockade, III). In the presence of the CCK-A receptor antagonist
lorglumide or the CCK-B receptor antagonist itriglumide, the expected increase
to pentagastrin was not only absent, but also further reduced, below the basal
value (by 16-12%) of controls (not exposed to the CCK-receptor antagonists).
The further reduction (below control value) suggested that the CCK-receptors
were exposed not only to exogenous pentagastrin but also to endogenous
stimulation. Support for this idea was gained when the control glands (under
basal conditions) were subjected to either of the two CCK-receptor antagonists
and displaying a decrease in protein synthesis of about the same magnitude (by
22-17%). Evidently, the effect of the two CCK-receptor antagonists was nonadditive, since upon combined administration the magnitude of the reduction was
not further increased. The non-additive effect may suggest that both receptor
types, share a common pathway intracellularly.

In the rat parotid gland, most of the protein synthesis is directed towards
producing secretory products (Sreebny, 1971). The synthesis of protein and
amylase is thought to be the consequence of a direct agonist action temporally
dissociated and independent of the agonist-evoked secretory activity (Grand &
Gross, 1969). This view is supported by the fact that both types of CCKreceptors were involved in the protein synthesis, while the protein/amylase
secretion seemed mainly to depend on the CCK-A receptor (2d).

Since, the CCK-receptor antagonists affected the protein synthesis under “basal
condition”, but did not affect the protein/amylase secretion during “basal
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condition”, it may be concluded that the intracellular mechanisms associated with
cholecystokinin-receptor mediated protein synthesis is more sensitive to low
graded stimuli than the intracellular mechanisms associated with cholecystokininreceptor mediated protein secretion.

The CCK-receptor mediated stimulation of an early and rapid protein synthesis in
the parotid gland presently observed is probably associated with the synthesis of
secretory proteins rather than with hypertrophy or hyperplasia. While prolonged
treatment with pentagastrin or cholecystokinin is without effect on the weight of
the rat parotid gland, the pancreatic gland gains in weight in response to the
treatment (Maystone & Barrowman, 1971; Månsson et al., 1990; Axelson et al.,
1996).

On-going studies of ours (H. Çevik Aras, T. Godoy and J. Ekström) show also an
infusion of melatonin to induce protein synthesis (35%) in the rat parotid gland,
partially dependent on neuronal type NO-synthase and affected by luzindole.

(6) NO-dependent and NO-nondependent protein secretion and protein
synthesis
Roughly, two-thirds of the increase in protein and amylase secretion (II) in
response to pentagastrin or melatonin could be related to NO-generation. The
selective neuronal type of NO-synthase inhibitor N-PLA (Zhang et al., 1997)
showed about the same efficacy as the non-selective NO-synthase inhibitor LNAME.

The expected increase (23%) in glandular protein synthesis to pentagastrin was
prevented by the two NO-synthase inhibitors (III), thus illustrating its NOdependency. NO-synthase inhibition did not affect the “basal” protein synthesis,
in agreement with previous work (Sayardoust & Ekström, 2004). However, the
“basal“protein synthesis was reduced (17-23%) by the cholecystokinin-receptor
antagonists (III). Thus, already under basal conditons, the cholecystokininreceptors of the parotid gland were subjected to stimulation, probably by
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circulating hormones, and this did not require the generation of NO. The results
suggest that strong rather than weak stimuli of the CCK-receptors are necessary
to activate the neuronal type NO-synthase. The varying degree of NOdependency presently found, is in agreement with earlier observations in the
parotid gland (Sayardoust & Ekström, 2003).

(7) Effects of cholecystokinin receptor antagonists on the parasympathetic
transmission
No support was gained for the view that cholecystokinin is one of the transmitters
involved in mediating the parasympathetic non-adrenergic, non-cholinergic
secretion of fluid and of protein/amylase in the parotid gland of the rat (IV). The
fluid and amylase secretion rate (under α- and β-adrenoceptor blockade) at a
stimulation frequency of 10 Hz or of 40 Hz of the auriculo-temporal nerve was
neither affected by the CCK-A receptor blocker lorglumide nor by the CCK-B
receptor blocker itriglumide, and this was the case for both non-atropinized and
atropinized rats. Thus, under physiological conditions cholecystokinin and
gastrin, acting on the cholecystokinin receptors of the glands, are likely to be of
endocrine origin rather than of nervous origin.

A characteristic feature of the non-adrenergic, non-cholinergic secretion is that it
fatigues in response to repeated sequences of stimulation and, in particular,
when a high frequency of stimulation is applied to the nerve. The phenomenon is
attributed to the depletion of the neuropeptide stores of the nerve terminals
(Ekström, 1999). This depletion might be the explanation to the decreased fluid
response from the submandibular glands, observed by Takai and coworkers
(1998), upon repeated parasympathetic stimulation at a high frequency after
administration of lorglumide.
(8a) Lipopolysaccharide (LPS)-induced gland inflammation and β-defensins
The presence of the three subtypes of the antimicrobial β-defensins was
demonstrated in the rat parotid gland using an ELISA assay. In response to the
intraductal injection of LPS, the levels of β-defensin 1 and 3 were elevated 3 to 6
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hours post-injection (by 41-30% and 15-65%, respectively), while the level of βdefensin 2 was unaffected during the observation period. When examined at 6
hours, the LPS-treated parotid glands showed a marked glandular infiltration of
neutrophils and further, the myeloperoxidase activity was increased 9 to 10-fold;
at the early stage (3 hours), the increase was as much as 12-fold (VI, VII).

The three subtypes of β-defensins were not detected in the submandibular and
sublingual glands. Though, the myeloperoxidase activity was 6-fold increased in
response to LPS in the submandibular glands, neither of the β-defensins was
detected. Previous in vitro findings do also show various patterns of response to
LPS, which might suggest different roles for the three subtypes in the defense
mechanisms of the glands (Feucht, 2003; Fahlgren, 2004).

(8b) Anti-inflammatory actions of cholecystokinin and melatonin
A direct relationship between tissue myeloperoxidase activity and the number of
neutrophils exists (Bradley et al., 1982). Both cholecystokinin and melatonin
markedly, and dose-dependently, reduced the myeloperoxidase response to the
intraductal administration of LPS (VII). Whereas both sulfated and desulfated
forms of CCK-8 have been shown to exert anti-inflammatory actions, most
previous works have focused on the sulfated form (Carrasco, 1997; Ling et al.,
2001; Cong et al., 2002; Wu et al., 2008), which was also the form presently
studied. The expected 10-fold rise in the activity of myeloperoxidase (at 3 hours
following the intraductal LPS administration) was just 3.5-fold in the presence of
either cholecystokinin or melatonin administered intraperitoneally. The antiinflammatory action exerted by cholecystokinin was partially due to the
involvement of CCK-A receptors, but not to CCK-B receptors. As judged by the
lack of effect of luzindole to attenuate the anti-inflammatory action of melatonin,
melatonin did not exert its action by MT2 receptors. Though luzindole also has a
certain affinity for MT1 receptors (Dubocovich et al., 1998), it might be too early
to classify the anti-inflammatory action of melatonin (with respect to
myeloperoxidase activity) as a non-receptor phenomenon.
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(8c) Anti-inflammatory actions of non-specific and specific NO-synthase
inhibitors
The LPS-induced increase in myeloperoxidase activity was abolished by the
non-specific NO-synthase inhibitor L-NAME (VII). Each of the specific inhibitors
for inducible NO-synthase, L-NIL, and for neuronal NO-synthase, N-PLA, halved
the response. The neuronal type of NO-synthase mobilized by LPS was of nonnervous origin. This was confirmed in the glands subjected to combined chronic
postganglionic parasympathetic and sympathetic denervation, the marked
increase in myeloperoxidase activity in response to LPS was more than halved
by N-PLA.

Whether sCCK-8 and melatonin exerted their anti-inflammatory action by
inhibiting NO-generation in the inflamed parotid gland is unknown and it is
presently under study. Melatonin has been shown to inhibit LPS-induced activity
of inducible NO-synthase in liver and lungs in rats (Crespo et al., 1999).

GENERAL DISCUSSION

The nervous and hormonal control of the exocrine secretion in the digestive tract
is usually divided into separate phases depending on the location of the stimulus:
the cephalic phase initiated by sight and smell of the food or by food in the
mouth, the gastric phase by distension, a high pH and peptides and the intestinal
phase by a low pH, osmolarity, distension, amino acids and fatty acids. The
gastric secretion is conveniently divided into those three distinct phases, though
it should be realized that they overlap each other except at the start of the food
intake. Whereas nervous activity dominates during the cephalic phase,
endocrine activity dominates during the intestinal phase (Konturek & Konturek,
2000; Raybould et al., 2003).
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The present Thesis, using the rat parotid gland as experimental in vivo model
organ, gives a new perspective to the control of salivary secretion by adding, to
the well-established cephalic phase, both a gastric and an intestinal phase as
possible sites for the control of salivary gland secretion. Recent observations of
ours do also show all three major salivary glands of the rat to be supplied with
cholecystokinin A and B receptors and further, by melatonin 2 receptors (J.
Ekström, T. Grunditz, H. Çevik Aras, A. Riva & H. Helander, to be published).
With respect to the parotid gland, presently in focus, the type A of
cholecystokinin receptors was preferentially located to the acini, while the type B
was preferentially located to the ducts; the melatonin 2 receptor was more evenly
divided between the two locations. Moreover, we found the major salivary glands
in humans to be supplied with these types of receptors. Preliminary findings did
also show acini of human parotid gland tissue exposed to pentagastrin to induce
ultrastructural changes associated with secretory activity and further, to release
protein (Loy et al., 2008).

The CCK-A receptor shows a high affinity for cholecystokinin and sulfated
cholecystokinin analogues but a low affinity for gastrin and desulfated
cholecystokinin analogues. The CCK-B receptors, on the other hand, show about
the same affinity for gastrin and for cholecystokinin and its desulfated analogues.
In the present study, no attempt was made on basis of agonist potency to decide
which type, A or B, of cholecystokinin receptors was involved in the responses.
The cholecystokinin receptors lorglumide and itriglumide are considered
selective for CCK-A and CCK-B receptors, respectively (Makovec et al., 1987;
1999). However, the relative affinities for various antagonists are usually based
on findings under in vitro conditions and might therefore not be directly applied to
the functional in vivo situation with respect to potency and selectivity (Ding &
Håkanson, 1996). Thus, conclusions should be drawn with caution. The use of
antagonists in the present study, showed the CCK-A receptor to be involved in
the secretion of protein/amylase, while the contribution of the CCK-B receptor to
the secretory response was less unambiguous. Both the CCK-A and the CCK-B
receptors were involved in the synthesis of protein. The CCK-A receptor is
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usually associated with the motoric activity of the gastro-intestinal tract but is also
involved in pancreatic secretion, while the CCK-B receptor is associated with
acid secretion and gastric mucosal growth. Both receptor types seem to
participate in the secretion of pepsinogen (Blandizzi et al., 1999). Though,
luzindole is described as a melatonin 2 receptor preferring antagonist, it is too
early to exclude a role for melatonin 1 receptor in the methacholine evoked
secretion of protein. The melatonin 1 receptor type was expressed in the parotid
gland but so far its glandular localization is unknown. Melatonin seems not to
occur in peripheral nerves and though, this may be the case for cholecystokinin
(Larsson & Rehfeld, 1979) no support for a transmitter role for cholecystokinin
was found in the present preparation.

In the present study, the hormone/hormone-analogues mediated their secretion
and synthesis of proteins partially by NO generation by the activity of neuronal
type NO-synthase. Their direct action on the parotid gland makes it likely that the
neuronal type of NO-synthase mobilized was of parenchymal origin rather than of
nervous origin (Sayardoust & Ekström, 2003). In the rat parotid gland NOsynthase is present in the parasympathetic innervation but not in the sympathetic
innervation (Alm et al., 1995, 1997). However, in parotid gland the amount of
fluid, protein output, protein synthesis and mitotic activity upon stimulation of the
parasympathetic innervation is independent of NO generation (Sayardoust &
Ekström, 2006). Likewise, neither the volume of saliva nor the outputs of protein
and amylase in response to methacholine (under control conditions) were
presently affected by the non-selective NO-synthase inhibitor or by the neuronal
NO-synthase inhibitor. In contrast, the protein output, protein synthesis and
mitotic activity in the rat parotid gland in response to β-adrenoceptor activation
by sympathetic nerve stimulation or by a β-adrenoceptor agonist are partially
dependent on NO-generation due to the activity of neuronal type NO-synthase
(Sayardoust & Ekström, 2003, 2004; Ekström et al., 2004). Compelling evidence
for the idea of the involvement of neuronal type NO-synthase of parenchymal
origin is gained in chronically denervated parotids, where β-adrenoceptor
agonists (but not muscarinic agonists) cause the secretion of protein that is
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partially blocked by a selective neuronal type NO-synthase inhibitor (Sayardoust
& Ekström, 2003). Interestingly, NO generation may be dissociated from the
secretory response. In parotid acinar cells from the rabbit, NO generation caused
by methacholine is completely inhibited by a non-selective NO-synthase inhibitor
but the methacholine-induced amylase secretion is not affected (Tsunoda et al.,
2003). Moreover, NO is generated during gland inflammation and also here
engaging neuronal type of NO-synthase in denervated glands, see below.

The intracellular signalling pathways mobilized by desCCK-8, pentagastrin and
melatonin eliciting secretion and synthesis of proteins in the parotid gland are
presently unknown. They evoke, however, a “profile” similar to that of βadrenoceptor agonists and vasoactive intestinal peptide rather than to that of
muscarinic agonists, α-adrenoceptor agonists and substance P. The former
group, using cAMP intracellularly, produces a small flow of parotid saliva with a
high protein concentration, whereas the latter group, using Ca

2+

intracellularly

produces a large flow of saliva with a low protein concentration (Baum & Wellner,
1999). In the present study, a large part of the protein secretion and protein
synthesis depended on NO generation by the activity of neuronal type of NOsynthase, which is also a common feature for β-adrenoceptor agonists and
vasoactive intestinal peptide (Sayardoust & Ekström, 2003; 2004). In contrast,
agonists of muscarinic receptors or α-adrenoceptors do not mobilize NO for
protein secretion or protein synthesis (Sayardoust & Ekström, 2003; Ekstöm et
al., 2007). The NO non-dependent responses are likely to be associated with
cAMP, while the NO/cGMP-signalling system may mobilize calcium and or
prolong the action of cAMP due to the inhibition of the enzymatic degradation of
cAMP by phosphodiesterases (Imai et al., 1995; Looms et al., 2000; Tritsiaris et
al., 2000). In the pancreas, the CCK-A receptor is associated with both the Ca2+
and the cAMP pathways to release zymogen granules (Williams, 2001). The
intracellular signal-transduction events for CCK-B receptors, mainly studied in
nervous tissue, are poorly characterized (Noble & Roques, 1999). This is also
the case for the melatonin receptors where the studies are mainly on nervous
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tissue. In many cases, melatonin inhibits the mobilization of various messengers,
including cAMP, cGMP and Ca2+ (Vanecek, 1998).

As would be expected inducible NO-synthase was activated in response to the
intraductal injection of lipopolysaccharide in the parotid gland. Though, there
seemed to be a role for neuronal type of NO-synthase of non-nervous origin in
the inflammatory response, NO-generation by the activity of neuronal type of NOsynthase in response to sympathetic activity or to cholecystokinin/gastrin and
melatonin is not likely to induce inflammation. Activation of inflammatory cells
and cytokine release are pre-requisites for triggering the inflammatory response
(Morris & Billiar, 1994; Cloutier & McDonald, 2003).

No doubt the relatively high doses of the hormone/hormone analogues tested in
the anaesthetized animal did not mimic physiological conditions. Under natural
conditions, gastrin, cholecystokinin and melatonin are likely to act in concert with
the transmitters to regulate the glandular activites. In future experiments, it would
be of interest to test the feeding responses of awake animals in the presence of
the hormone receptor antagonists. Interestingly, in previous feeding experiments
on the rat, a certain loss of glandular amylase activity and increase in protein
synthesis occur in parasympathetically denervated parotid glands under
muscarinic and α- and β-adrenoceptor blockade (Ekström et al., 1993; Ekström &
Reinhold, 2001), implying a role for bloodborne substances such as the
hormones (Liddle et al., 1984; Kitano et al., 2000).

Proteomics applied to the saliva (Helmerhost & Oppenheim, 2007; Messana et
al., 2008) will most likely reveal the secretion of a number of substances in
response to gastrin, cholecystokinin and melatonin and, how these hormones
may influence the processing of the secretory products. Stimulation of the
salivary glands during the gastric and intestinal phases may add protective and
healing substances to the saliva of benefit for the oral structures and (when
swallowed) for the esophageus, the stomach and the intestines. This is
exemplified by observations of Konturek and co-workers, showing pentagastrin
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to increase the salivary levels of epidermal growth factor and, as a result,
promoting ulcer healing (Konturek PC, 1996). Moreover, salivary gland products
are not only delivered to the lumina but also to the circulation, implying an
endocrine role for salivary glands (Isenman, Liebow & Rothman, 1999). Thus, it
may be worth to consider the possibility that the hormones, in the present study
may influence endocrine secretion from the glands.

There is the possibility that changed blood levels of gastrin, cholecystokinin and
melatonin, as consequence of diseases or drug treatments may influence the
composition of saliva. Gastrinaemia occur under conditions such as Helicobacter
pylori infections, gastrinoma (Zollinger-Ellison syndrome) and treatments with
protone-pump inhibitors and histamine 2-receptor antagonists (removing the
brake on gastrin release). In patients with Zollinger-Ellison syndrome, the output
of epidermal growth factor is, in fact, elevated (Sarosiek et al., 2000). On the
other hand, reduced blood levels of cholecystokinin have been reported in
patients suffering from coeliac disease and diabetes (Berna & Jensen, 2007).
Upon melatonin treatment of sleep disorders such as jet-lag and shift-work the
blood level of melatonin increases (Bubenik, 2002).

In our inflammation model, sCCK-8 and melatonin were found to be effective
anti-inflammatory agents and their effect was reduced (sCCK-8) or unaffected
(melatonin) by the receptor antagonists tested as judged by the myeloperoxidase
activity. Both melatonin (Rice et al., 1995) and gastrin (Ingenito et al., 1986)
appear in the saliva, and the amounts increase during a meal. And while focus
has recently been on melatonin as a part of the defense of the oral cavity
(Cutando et al., 2007a; Czesnikiewicz-Guzik et al., 2007), a role for
cholecystokinin/ gastrin may also be at hand. Saliva contains particularly high
concentrations of melatonin, about 25% of that in plasma (Laakso et al., 1990).
Melatonin is highly lipophilic and may diffuse into intracellular compartments and
exercise effects on nuclear binding sites independent of their effects on cellmembrane receptors (Acuna-Catroviejo et al., 1994; Carlberg & Wiesseberg,
1995). In the oral cavity, melatonin exerts antioxidative, immuno-modulatory and
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anti-cancerogenic effects and further, promotes bone formation and growth by
stimulating collagen fibers (Cutando et al., 2007a; Czesnikiewicz-Guzik et al.,
2007). Salivary melatonin may have important implications in the treatment of
periodontal diseases, infections of the oral mucosa, wound healing following oral
surgery, oral cancer and, as presently illustrated, gland inflammation (GomezMoreno et al., 2007; Cutando et al., 2007a, b).

Decreased volumes of saliva as well as changed saliva composition give rise to
dry mouth. The quality of life of people suffering from dry mouth is dramatically
impaired. The prevalence of dry mouth is 15-40%, and it is more common among
women than men and it increases with age (Nederfors et al., 1997; Ship et al.,
2002). A new regulatory view of the functions of salivary glands and hormoneexerted anti-inflammatory actions in the oral cavity may offer new possibities in
the treatment of salivary dysfunctions.
Supported by grants from the Swedish Science Council (05927), the LUA/ALF
agreement (ALFGBG- 5262 and ALFGBG-11907), The Göteborg Medical
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31

Gastro-intestinal hormones and salivary glands

ACKNOWLEDGEMENTS
I am very glad to complete a part of my life with full of lovely memories. My PhD journey
started in Turkey and it is finally ending here in Sweden. In this journey there were
people that made this work to come true. I would like to express my deepest gratitude to
following people:
My tutor Professor Jörgen Ekström, for introducing me to the world of salivary gland
physiology and pharmacology and being supportive both in science and in life. It was
my pleasure to be a part of the group. Thanks for believing in me!
Ann-Christine Reinhold, for helpfulness and practical solutions, and for being always
near in the most difficult times. Tusen tack!
Malin Darnell, for being a lovely friend and for getting me in the social life of Sweden. It
was the greatest time of all in 2004 with animal experiments, chats, short outgoings,
nice discussions and starting up the MPO-method!
My dentist colleagues Nina Khosravani and Tania Godoy, for your friendship and nice
discussions about dentistry, patients and life.
Anna Zettergren and Haydeh Niazi Shahabi for their support and kind friendship
during my studies.
Inger Oscarsson, Gunilla Bourghardt, Annalena Carlred, Britt-Marie Benbow, Gun
Andersson and Kerstin Johansson for their friendship especially at lunch breaks with
Swedish talks, after some years it really worked out!
I am especially grateful to my former tutor Professor Berrak Yeğen, for introducing me
to the gastro-intestinal system physiology and animal experiments at Marmara
University, Department of Physiology. Also special thanks to Professor Ínci Alican and
Professor Hızır Kurtel, at the same department.for their guidance and lectures. Also
my colleagues; Ayhan Bozkurt, Mustafa Deniz, Salah Ghandour, Afşar Barlas, Ersin
Devseren and Çağla Íşman, thanks for the most enjoyable times in my life, long lunch
breaks are unforgettable...
I am thankful to my family;
Dear mum and dad, who taught me to look analytically in my life and love it as it is, I
would not have completed my PhD without your support and faith in me. My brother
Cüneyt, and my sister Özge, for their endless support and love. (Yaşamıma çözümsel
bakmayı öğreten ve bana yaşamayı sevdiren değerli anne ve babama müteşekkirim.
Sizin desteğiniz ve bana olan güveniniz sayesinde tezimi tamamladım)
My dear husband Tolga, for sharing and exploring the life with me in another part of the
world, I am thankful especially for your patience and support. And my little ladybug Ekin,
for giving me that lovely feeling on earth, “being a mother”, and making our home more
lively.
I hope the knowledge we gained by this thesis is not an end, but it would rather
constitute a start in studying the interaction of salivary glands and gastro-intestinal
system.

32

Hülya Çevik Aras

REFERENCES
Acuña-Castroviejo D, Reiter RJ, Menéndez-Peláez A, Pablos MI, Burgos A.
Characterization of high-affinity melatonin binding sites in purified cell nuclei of
rat liver. J Pineal Res 1994; 16: 100-112.
Alm P, Ekström J. Cholinergic nerves of unknown origin in the parotid glands of
rats. Arch Oral Biol 1976; 21: 417-421.
Alm P, Ekström J. On the adrenergic innervation of the rat parotid gland.
Experientia 1977 15; 33: 523-524.
Alm P, Ekström J, Larsson B, Tobin G, Andersson K-E. Nitric oxide synthase
immunoreactive nerves in rat and ferret salivary glands, and effects of
denervation. Histochem J 1997; 29: 669–676.
Alm P, Uvelius B, Ekström J, Holmqvist B, Larsson B, Andersson K-E. Nitric
oxide synthase-containing neurons in rat parasympathetic, sympathetic and
sensory ganglia: a comparative study. J. Histochem 1995; 27: 819–831.
Anderson LC, Suleiman AH, Garrett JR. Morphological effects of diabetes on
the granular ducts and acini of the submandibular gland. Microscopy research
and technique 1994; 27: 61-70.
Axelson J, Fan BG, Ohlsson B, Rehfeld J, Ekelund M, Ihse I. The changes in
the rat parotid glands following total parenteral nutrition and pancreatico-biliary
diversion are not mediated by cholecystokinin. Int J Pancreatol 1996; 20: 109118.
Barlas A, Çevik H, Arbak S, Bangir D, Sener G, Yegen C, Yegen BÇ.
Melatonin protects against pancreaticobiliary inflammation and associated
remote organ injury in rats: role of neutrophils. J Pineal Res 2004; 37: 267-275.
Baum BJ, Wellner RB. Receptors in salivary glands. In: Neural Mechanisms of
Salivary Secretion, eds. Garrett JR, Ekström J, Anderson LC, Karger, Basel,
1999: 44–51.
Berna MJ, Tapia JA, Sancho V, Jensen RT. Progress in developing
cholecystokinin (CCK)/gastrin receptor ligands that have therapeutic potential.
Curr Opin Pharmacol 2007; 7: 583-592.

33

Gastro-intestinal hormones and salivary glands

Blair-West JR, Coghlan JP, Denton DA, Wright RDI. In: Handbook of
Physiology, Alimentary Canal II, sec. 6, ed. Code CF, Washington, 1967: 633665.
Blandizzi C, Lazzeri G, Rocchina C, Carignani D, Tognetti M, Baschiera F,
Tacca MD. CCK1 and CCK2 receptors regulate gastric pepsinogen secretion.
Euro J Pharmacol 1999; 373: 71-84.
Bradley PP, Priebat DA, Christersen RD, Rothstein G. Measurement of
cutaneous inflammation. Estimation of neutrophil content with an enzyme
marker. J Invest Dermatol 1982; 78: 206-209.
Bubenik GA. Localization of melatonin in the digestive tract of the rat. Effect of
maturation, diurnal variation, melatonin treatment and pinealectomy. Horm Res
1980; 12: 313-23.
Bubenik GA. Gastrointestinal melatonin. Localization, function and clinical
relevance. Dig Dis Sci 2002; 47: 2336-2348.
Bubenik GA. Thirty four years since the discovery of gastrointestinal melatonin.
J Physiol Pharmacol 2008; suppl 2: 33-51.
Carlberg C, Wiesenberg I.The orphan receptor family RZR/ROR, melatonin and
5-lipoxygenase: an unexpected relationship. J Pineal Res 1995; 18: 171-178.
Carrasco M, Rio MD, Hernanz A, Fuente MDL. Inhibition of human neutrophil
functions by sulfated and nonsulfated cholecystokinin octapeptides. Peptides
1997; 18: 415-22.
Castle D, Castle A. Intracellular transport and secretion of salivary proteins. Crit
Rev Oral Biol Med 1998; 9: 4-22.
Cheng ZJ, Harikumar KG, Holicky EL, Miller LJ. Heterodimerization of type A
and B choleystokinin receptors enhance signalling and promote cell growth. J
Biol Chem 2003; 278: 52972-52979.
Clendinnen BG, Reeder DD, Davidson WD, Thompson JC. Effect of
gastrointestinal hormones on salivation in the dog. Arch Surg 1970; 101: 596598.
Cloutier A, McDonald PP. Transcription factor activation in human neutrophils.
In: The neutrophils, ed. Castella MA, Chem Immunol Allergy, Basel, Karger
2003; 83: 1-23.

34

Hülya Çevik Aras

Cong B, Li SJ, Yao YX, Zhu GJ, Ling YL. Effect of cholecystokinin octapeptide
on tumor necrosis factor alpha transcription and nuclear factor-kappaB activity
induced by lipopolysaccharide in rat pulmonary interstitial macrophages. World J
Gastroenterol 2002; 8: 718-723.
Crespo E, Macías M, Pozo D, Escames G, Martín M, Vives F, Guerrero JM,
Acuña-Castroviejo D. Melatonin inhibits expression of the inducible NO
synthase II in liver and lung and prevents endotoxemia in lipopolysaccharideinduced multiple organ dysfunction syndrome in rats. FASEB J 1999; 13: 15371546.
Cutando A, Arana C, Gomez-Moreno G, Escames G, Lopez A, Ferrera MJ,
Reiter RJ, Acuna-Castroviejo D. Local application of melatonin into alveolar
sockets of beagle dogs reduces tooth removal-induced oxidative stress. J
Periodontol 2007b; 78: 576-583.
Cutando A, Gómez-Moreno G, Arana C, Acuña-Castroviejo D, Reiter RJ. J
Periodontol 2007a; 78: 1094-1102.
Czesnikiewicz-Guzik M, Konturek SJ, Loster B, Wisniewska G, Majewski S.
Melatonin and its role in oxidative stress related diseases of oral cavity. J Physiol
Pharmacol 2007; 58 Suppl 3: 5-19.
Descos F, Andre F, Lambert R, Andre C. Influence of secretin on salivary
mucous secretion in man. Digestion 1973; 9: 199-204.
Ding XQ, Håkanson R. Evaluation of the specifity and potency of a series of
Cholecystokinin-B/Gastrin receptor antagonists in vivo. Pharm Toxicol 1996; 79:
124-130.
Dockray G, Dimaline R, Varro A. Gastrin: old hormone, new functions. Pflügers
Arch 2005; 449: 344-355.
Dubocovich ML, Yun K, Al-Ghoul WM, Benloucif S, Masana MI. Selective
MT2 melatonin receptor antagonists block melatonin-mediated phase advances
of circadian rhythms.FASEB J 1998; 12: 1211-1220.
Dunche A, Acil Y, Siebert R, Harder J, Schröder JM, Jepsen S. Expression
profile of human defensins and antimicrobial proteins in oral tissues. J Oral
Pathol Med 2001; 30: 154-158.

35

Gastro-intestinal hormones and salivary glands

Edkins JS. On the chemical mechanism of gastric secretion. Proc R Soc Lond B
Biol Sci 1905; 76: 376.
Edwards AV. Autonomic control of blood flow. In: Glandular Mechanisms of
Salivary Secretion, eds. Garrett JR, Ekström J, Anderson LC, Karger, Basel;
1998: 101–117.
Ekström J. Role of Non-adrenergic, Non-cholinergic autonomic transmitters in
salivary glandular activities in vivo. In: Neural Mechanisms of Salivary Secretion,
eds. Garrett JR, Ekström J, Anderson LC, Karger, Basel; 1999: 94-130.
Ekström J, Çevik-Aras H, Sayardoust S. Neuronal- and hormonal- induced
protein synthesis and mitotic activity in the rat parotid gland and the dependence
on NO- generation. J Oral Biosci 2007; 49: 31-38.
Ekström J, Reinhold AC. Reflex-elicited increases in female rat parotid protein
synthesis

involving

parasympathetic

non-adrenergic,

non-cholinergic

mechanisms. Exp Physiol 2001; 86: 605-610.
Ekström J, Sayardoust S, Çevik H. Nitric oxide-dependent mitotic activity in
salivary glands of the rat upon sympathetic stimulation. Arch Oral Biol 2004; 49:
889–894.
Eliasson L, Carlen A, Laine M, Birkhed D. Minor gland and whole saliva in
postmenopausal women using a low potency oestrogen (oestriol). Arch Oral Biol
2003; 48: 511-7.
Emmelin N. Nervous control of salivary glands. In: Handbook of Physiology,
Alimentary Canal II, sec. 6, ed. Code CF, Washington, 1967: 595–632.
Emmelin N. Interactions between sympathetic and parasympathetic nerves in
control of the salivary glands. In: Integrative functions of autonomic nerves
system, ed., Chandler McC Brooks, Elsevier Press, Amsterdam, 1979: 5-23.
Fahlgren A, Hammarström S, Danielsson A, Hammarström ML. BetaDefensin-3 and -4 in intestinal epithelial cells display increased mRNA
expression in ulcerative colitis. Clin Exp Immunol 2004; 137: 379-85.
Faurschou M, Sorensen OE, Johnsen AH, Askaa J, Borregaard N. Defensinrich granules of human neutrophils: characterization of secretory properties.
Biochim Biophys Acta 2002; 1591: 29-35.

36

Hülya Çevik Aras

Feucht EC, DeSanti CL, Weinberg A. Selective induction of human betadefensin mRNAs by Actinobacillus actinomycetemcomitans in primary and
immortalized oral epithelial cells. Oral Microbiol Immunol 2003; 18: 359-363.
Garrett JR. Innervation of salivary gland, neurohistological and functional
aspects. In: In the salivary system, ed. Sreebny LM, Boca Raton, FL: CRC
Press, 1988: 60-93.
Garrett JR, Zhang XS, Proctor GB, Anderson LC, Shori DK. Apical secertion
of rat submandibular tissue kallikrein continues in the absence of external
stimulation: Evidence for a constitutive secretory pathway. Acta Physiol Scand
1996; 157: 299-304.
Gomez-Moreno G, Cutando-Soriano A, Arana C, Galindo P, Bolanos J,
Acuna-Castroviejo D, Wang HL. Melatonin expression in periodontal disease. J
Periodont Res 2007; 42: 536-540.
Grand RJ, Gross PR. Independent smulation of secretion and protein snthesis
in rat parotid gland. The influence of epinephrine and dibutyryl cyclic adenosine
3',5'-monophosphate. J Biol Chem 1969; 244: 5608-5615.
Gregersen MI. A method for uniform stimulation of the salivary glands in the
unaesthetized dog by exposure to a warm environment, with some observations
on the quantitative changes in salivary flow during dehydration. Am J Physiol
1931; 97: 107-116.
Grišius MM, Fox PC. Salivary gland disfunction and xerostomia. In: The
scientific basis of eating, ed. Linden RWA, Karger, 1998; 9: 156-167.
Grovum LW, Leek BF. Parotid secretion and associated efferent activity
inhibited by pentagastrin in sheep. Peptides 1988; 9: 519-526.
Hainsworth FR. Saliva spreading, activity, and body temperature regulation in
the rat. Am J Physiol 1967; 212: 1288-1292.
Harper AA, Raper HS. Pancreozymin, a stimulant of the secretion of pancreatic
enzymes in extracts of the small intestine. J Physiol 1943; 102: 115-125.
Hector MP, Linden, RW. Reflexes of salivary secretion. In: Neural Mechanisms
of Salivary Secretion, eds. Garrett JR, Ekström J, Anderson LC, Karger, Basel;
1999: 196–217.

37

Gastro-intestinal hormones and salivary glands

Helmerhorst EJ, Oppenheim FG. Saliva: a dynamic proteome. J Dent Res
2007; 86(8): 680-693.
Hillegas LM, Griswold DE, Brickson B, Albrightson-Winslow C. Assessment
of myeloperoxidase activity in whole rat kidney. J Pharmacol Methods 1990; 24:
285-95.
Hu S, Xie Y, Ramachandran P, Ogorzalek Loo RR, Li Y, Loo JA, Wong DT.
Large-scale identification of proteins in human salivary proteome by liquid
chromatography/mass spectrometry and two-dimensional gel electrophoresismass spectrometry. Proteomics 2005; 5: 1714-1728.
Huether G. Melatonin synthesis in the gastrointestinal tract and the impact of
nutritional factors on circulating melatonin. Ann N Y Acad Sci 1994; 719: 146158.
Imai A, Nashida T & Shimomura H. Regulation of cAMP phosphodiesterases
by cyclic nucleotides in rat parotid glands. Biochem Mol Biol Int 1995; 37: 1029–
1036.
Ingenito A, Catelani C, Mercaldo A, d'Agata A, Cappelli G, Andreoli F.
Radioimmunoassay of gastrin in human saliva. Eur Surg Res 1986; 18: 129-32.
Isenman L, Liebow C, Rothman S. The endocrine secretion of mammalian
digestive enzymes by exocrine glands. Am J Physiol (Endocrino Metabol) 1999;
276: E223–232.
Ivy AC, Oldberg EA. A hormone mechanism for gallbladder contraction and
evacuation. Am J Physiol 1928; 86: 559-613.
Iwabuchi Y, Masuhara T. Effects of vasoactive intestinal peptide and its
homologues on the substance P-mediated secretion of fluid and protein from the
rat submandibular gland. Gen Pharmac 1994; 25: 705-711.
Jahovic N, Çevik H, Sehirli AÖ, Yegen BÇ. Melatonin prevents methotrexateinduced hepatorenal oxidative injury in rats. J Pineal Res 2003; 34: 282-287.
Jaworek J, Nawrot K, Konturek SJ, Leja-Szpak TP, Pawlik WW. Melatonin
and its precursor, L-tryptophan: influence on pancreatic amylase secretion in vivo
and in vitro. J Pineal Res 2004; 36: 155-164.

38

Hülya Çevik Aras

Johnson DA. Regulation of salivary glands and their secretions by masticatory,
nutritional, and hormonal factors. In: In the salivary system, ed. Sreebny LM,
Boca Raton, FL: CRC Press, 1988: 136-155.
Johnston D, Jepson K. Use of pentagastrin in a test of gastric acid secretion.
Lancet 1967; 2: 585-588.
Kaplan MD, Baum BJ. The functions of saliva. Dysphagia 1993; 8: 225-229.
Kitano M, Norlén P, Håkanson R. Gastric submucousal microdialysis: a method
to study gastrin- and food-evoked mobilization of ECL-cell histamine in conscious
rats. Regul Pept 2000; 86: 113–123.
Konttinen YT, Platts LA, Tuominen S, Eklund KK, Santavirta N, Törnwall J,
Sorsa T, Hukkanen M, Polak JM. Arthritis&Rheumatism 1997; 40: 875-883.
Konturek PC, Ernst H, Konturek J, Bobrzyński A, Kwiecień N, Faller G,
Gedliczka O, Hahn EG. Salivary and gastric luminal release of epidermal growth
factor under basal conditions and after pentagastrin stimulation in healthy
subjects and in duodenal ulcer patients before and after eradication of
Helicobacter pylori. J Physiol Pharmacol 1996; 47: 187-94.
Konturek SJ, Konturek JW. Cephalic phase of pancreatic secretion. Apetite
2000; 34: 197-205.
Kuebler WM, Abels C, Schuerer L, Goetz AE. Measurement of neutrophil
content in brain and lung tissue by a modified myeloperoxidase assay. Int J
Microcirc 1996; 16: 89-97.
Kwiecien S, Konturek SJ. Gastric analysis with fractional test meals (ethanol,
caffeine, and peptone meal), augmented histamine or pentagastrin tets and
gastric PH recording. J Physiol Pharmacol 2003; 54: 69-82.
Larsson IL, Rehfeld JF. Localization and molecular heterogeneity of
cholecystokinin in the central and peripheral nervous system. Brain Res 1979;
165: 201-218.
Leja-Szpak A, Jaworek J, Nawrot-Porabka K, Palonek M, Mitis-Musioł M,
Dembiński A, Konturek SJ, Pawlik WW. Modulation of pancreatic enzyme
secretion by melatonin and its precursor; L-tryptophan. Role of CCK and afferent
nerves. J Physiol Pharmacol 2004; 55 Suppl 2: 33-46.

39

Gastro-intestinal hormones and salivary glands

Laakso ML, Porkka-Heiskanen T, Alila A, Stenberg D, Johansson G.
Correlation between salivary and serum melatonin: dependence on serum
melatonin levels. J Pineal Res 1990; 9: 39-50.
Lerner AB, Case JD, Lee TH, Mori W. Isolation of melatonin, the pineal factor
that lightens melanocytes. J Am Chem Soc 1958; 80: 2587.
Liddle RA, Goldfine ID, Williams JA. Bioassay of plasma cholecystokinin in
rats: effects of food, trypsin inhibitor, and alcohol. Gastroenterology 1984; 87:
542–549.
Ling LY, Meng AH, Zhao XY, Shan BE, Zhang JL, Zhang XP. Effect of
cholecystokinin on cytokines during endotoxic shock in rats. World J
Gastroenterol 2001; 7: 667-671.
Looms DK, Dissing S, Tritsaris K, Pedersen AM, Nauntofte B. Adrenoceptoractivated nitric oxide synthesis in salivary acinar cells. Adv Dent Res 2000; 14:
62–68.
Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with
the Folin phenol reagent. J Biol Chem 1951; 193: 265-275.
Loy F, Diana M, Ekström J, Riva A. Effects of pentagastrin on human parotid
salivary glands. 8th European Symposium on Saliva. Eegmond aan Zee, The
Netherlands, May 17-17, 2008, p18.
Mahay S, Adeghate E, Lindley MZ, Rolph CE, Singh J. Streptozotocin-induced
type 1 diabetes mellitus alters the morphology, secretory function and acyl lipid
contents in the isolated rat parotid salivary gland. Mol Cell Biochem 2004; 261:
175-181.
Makovec F, Bani M, Cereda R, Chisté R, Pacini MA, Revel L, Rovati LA,
Rovati LC, Setnikar I. Pharmacological properties of lorglumide as a member of
a new class of cholecystokinin antagonists. Arzneimittelforschung 1987; 37:
1265-1268.
Makovec F, Revel L, Letari O, Mennuni L, Impicciatore M. Characterization of
antisecretory and antiulcer activity of CR 2945, a new potent and selective
gastrin/CCK(B) receptor antagonist. Eur J Pharmacol 1999; 369: 81-90.

40

Hülya Çevik Aras

Malfertheiner P,

Fußgänger,

Minne

H,

Ditschuneit

H.

Influence

of

gastrointestinal hormones on human salivary secretion. Horm Metab Res 1980;
12: 485.
Månsson B, Nilsson BO, Ekström J. Effects of repeated infusions of substance
P and vasoactive intestinal peptide on the weights of salivary glands subjected to
atrophying influences in rats. Br J Pharmacol 1990; 101: 853-858.
Mayston PD, Barrowman JA. The influence of chronic administration of
pentagastrin on the rat pancreas. Q J Exp Physiol Cogn Med Sci 1971; 56: 113122.
Messana I, Inzitari R, Fanali C, Cabras T, Castagnola M. Facts and artifacts in
proteomics of body fluids. What proteomics of saliva is telling us? J Sep Sci
2008; 31: 1948-1963.
Meurman JH, Tarkkila L, Tiitinen A. The menopause and oral health. Maturitas
2009; 63: 56-62.
Moncada S, Palmer RM, Higgs EA. Nitric oxide: Physiology, pathophysiology
and pharmacology. Pharmacol Rev 1991; 43:109-142.
Morris MS, Billiar TR. New insight into the regulation of inducible nitric oxide
synthesis. Am J Physiol 1994; 266: E829-39.
Mulcahy H, Fitzgerald O, McGeeney KF. Secretin and pancreozymin effect on
salivary amylase concentration in man. Gut 1972; 13: 850.
Nederfors T, Isaksson R, Mörnstad H, Dahlöf C. Prevalence of perceived
symptoms of dry mouth in an adult Swedish population – relation to age, sex and
pharmacotherapy. Community Dent Oral Epidemiol 1997; 25: 211-216.
Noble F, Roques BP. CCK-B receptor: chemistry, molecular biology,
biochemistry and pharmacology. Prog Neurobiol 1999; 58: 349-379.
Ohlin P. Nervous and hormonal control of salivary glands in rats. Acta
Universitatis Lundensis 1966; 7: 1-21.
Poulsen JH. Secretion of electrolytes and water by salivary glands. In: Glandular
mechanisms of salivary secretion, eds. Garrett JR, Ekström J, Anderson LC,
Karger, Basel, 1998; 55-72.

41

Gastro-intestinal hormones and salivary glands

Proctor GB. Secretory protein synthesis and constitutive (vesicular) secretion by
salivary glands. In: Glandular mechanisms of salivary secretion, eds. Garrett JR,
Ekström J, Anderson LC, Karger, Basel; 1998: 73-88.
Raybould HE, Pandol SJ, Yee H. The integrated responses of the
gastrointestinal tract and liver to a meal. In: Textbook of Gastroenterology, ed.
Yamada T, Philadelphia, PA, Lippincott-Raven, 2003: 2-10.
Rehfeld JF. Cholecystokinin. Best Pract Res Clin Endocrinol Metab 2004; 18:
569-586.
Rehfeld JF, Larsson IL, Goltermann NR, Schwartz TW, Holst JJ, JensenSL,
Morley JS. Neural regulation of pancreatic hormone secretion by the C-terminal
tetrapeptide of CCK. Nature 1980; 284: 33–38.
Reiter RJ. Melatonin: clinical relevance. Best Pract & Res Clin Endocrinol and
Metab 2003; 17: 273-285.
Rice J, Mayor J, Tucker HA, Bielski RJ. Effect of light therapy on salivary
melatonin in seasonal affective disorder. Psychiatry Res 1995; 56: 221-228.
Robinovitch FG, Keller PJ, Johnson DA, Iversen JM, Kauffman DL. Changes
in the rat salivary proteins induced by chronic isoproterenol administration. J Den
Res 1977; 56: 290-303.
Sarosiek J, Jensen RT, Maton PN, Peura DA, Harlow D, Feng T, McCallum
RW, Pisegna JR. Salivary and gastric epidermal growth factor in patients with
Zollinger-Ellison syndrome: its protective potential. Am J Gastroenterol 2000; 95:
1158-1165.
Sayardoust S, Ekström J. Nitric oxide-dependent in vitro secretion of amylase
from innervated or chronically denervated parotid glands of the rat in response to
isoprenaline and vasoactive intestinal peptide. Exp Physiol 2003; 88: 381-387.
Sayardoust S, Ekström J. Nitric oxide-dependent protein synthesis in parotid
and submandibular glands of anaesthetized rats upon sympathetic stimulation or
isoprenaline administration. Exp Physiol 2004; 89: 219-227.
Sayardoust S, Ekström J. Parasympathetic nerve-evoked protein synthesis,
mitotic activity and salivary secretion in the rat parotid gland and the dependence
on NO-generation. Arch Oral Biol 2006; 51: 189-97.

42

Hülya Çevik Aras

Schutte BC, McCray PB Jr. Beta-defensins in lung host defense. Annu Rev
Physiol 2002; 64: 709-748.
Shafer WG, Muhler JC. Effect of gonadectomy and sex hormones on the
structure of the salivary glands. J Dent Res 1953; 32, 262-268.
Ship J, Pillemer SR, Baum BJ. Xerostomia and the geriatric patient. J Am
Geriatr Soc 2002; 50: 535-543.
Shulkes A, Baldwin GS. Biology of gut cholecystokinin and gastrin receptors.
Clin Exp Pharm Physiol 1997; 24: 209-216.
Sjöblom M, Flemström G. Melatonin in the duodenal lumen is a potent
stimulant of mucosal bicarbonate secretion. J Pineal Res 2003; 34: 288-293.
Soll AH, Amiran DA, Thomas LP, Reedy TJ, Elashoff JD. Gastrin receptors on
isolated canine parietal cells. J Clin Invest 1984; 73: 1434-1447.
Sreebny LM, Broich G. Xerostomia (dry mouth). In: The salivary system, ed.
Sreebny LM, Boca Raton, FL: CRC Press, 1988: 179-202.
Sreebny LM, Johnson DA, Robinovitch MR. Functional regulation of protein
synthesis in the rat parotid gland. J Biol Chem 1971 25; 246: 3879-3884.
Takai N, Shida T, Uchihashi K, Ueda Y, Yoshida Y. Cholecystokinin as
neurotransmitter and neuromodulator in parasympathetic secretion in the rat
submandibular gland. Ann NY Acad Sci 1998; 842: 199-203.
Takeuchi T, Ogawa M, Sugimura T. Effects of various hormones and
adrenalectomy on the levels of amylase in rat pancreas and parotid gland.
Experientia 1977; 33: 1531-1532.
Tenovuo J. Antimicrobial functions of human saliva-how important is it for oral
health? Acta Odontol Scand 1998; 58: 250-256.
Thomas EL, Jefferson MM, Joyner RE, Cook GS, King CC. Leukocyte
myeloperoxidase and salivary lactoperoxidase: Identification quantitation in
human mixed saliva. J Den Res 1994; 73: 544-555.
Topal T, Öztas Y, Korkmaz A, Sadir S, Öter S, Coskun Ö, Bilgic H. Melatonin
ameliorates bladder damage induced by cyclophosphamide in rats. J Pineal Res
2005; 38: 272-277.

43

Gastro-intestinal hormones and salivary glands

Tritsiaris K, Looms DK, Nauntofte B, Dissing S Nitric oxide synthesis causes
inositol phosphate production and Ca2+ release in rat parotid acinar cells.
Pflugers Arch 2000; 440: 223–228.
Tsunoda S, Michikawa H, Furuyama S, Sugiya H. Evidence that nitric oxide
does not directly contribute to methacholine-induced amylasesecretion in rabbit
parotid acinar cells. Pflugers Arch 2003; 446: 470–474.
Van Nieuw Amerongen A, Bolscher JGM, Veerman ECI. Salivary proteins:
Protective and diagnostic value in cariology. Caries Res 2004; 38: 247-253.
Vanecek J. Cellular mechanisms of melatonin action. Physiol Rev 1998; 78:
687-721.
Van Winkelhoff AJ, Boutaga K. Transmission of periodontal bacteria and
models of infection. J Clin Periodontol 2005; 32: 16-27.
Wank SA. Cholecystokinin receptors. Am J Physiol 1995; 269: G628-646.
Williams JA. Intracellular signaling mechanisms activated by cholecystokininregulating synthesis and secretion of digestive enzymes in pancreatic acinar
cells. Ann Rev Phys 2001; 63: 77–97.
Wu VS, Harikumar KG, Burgess, Reeve RJ Jr, Miller LJ. Effects of
cholecystokinin-58 on type 1 cholecystokinin receptor function and regulation.
Am J Physiol Gastrointest Liver Physiol 2008; 295: G641-647.
Zhang HQ, Fast W, Marletta MA, Martasek P, Silvermann RB. Potent and
selective inhibition of neuronal nitric oxide synthase by N-propyl-L-arginine. J
Med Chem 1997; 40: 3869–3870.

44

