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ABSTRACT

A free full-text copy of this article can be found at the web page of Upsala J Med Sci: 
http://www.ujms.se

The duodenal lumen is exposed to aggressive factors with a high potential to cause
damage to the mucosa. Bicarbonate secretion by the duodenal mucosa is accepted
as the primary important defense mechanism against the hydrochloric acid intermit-
tently expelled from the stomach.

The present work concerns both the influence of the central nervous system and
the effects of the hormone melatonin on duodenal bicarbonate secretion in anes-
thetized rats in vivo as well as effects of melatonin on intracellular calcium signal-
ing by duodenal enterocyte in vitro examined in tissues of both human and rat ori-
gin. The main findings were as follows:

Melatonin is a potent stimulant of duodenal mucosal bicarbonate secretion and
also seems to be involved in the acid-induced stimulation of the secretion. Stimula-
tion elicited in the central nervous system by the �1-adrenoceptor agonist phenyle-
phrine induced release of melatonin from the intestinal mucosa and a four-fold
increase in alkaline secretion. The melatonin antagonist luzindole abolished the
duodenal secretory response to administered melatonin and to central nervous
phenylephrine but did not influence the release of intestinal melatonin. Central ner-
vous stimulation was also abolished by synchronous ligation of the vagal trunks and
the sympathetic chains at the sub-laryngeal level. 

Melatonin induced release of calcium from intracellular stores and also influx of
extracellular calcium in isolated duodenal enterocytes. Enterocytes in clusters func-
tioned as a syncytium.

Overnight fasting rapidly and profoundly down-regulated the responses to the
duodenal secretagogue orexin-A and the muscarinic agonist bethanechol but not
those to melatonin or vasoactive intestinal polypeptide. 
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INTRODUCTION

The major functions of the gastrointestinal tract are to distribute to the body suffi-
cient amounts of ingested nutrients and of water and electrolytes, and to expel waste
products. To achieve these processes in an adequate manner, this tract has to resist
the repeated challenges of ingested noxious, toxic and aggressive agents. It also has
to stand firm against potentially harmful endogenous factors, such as hydrochloric
acid and digestive enzymes, and prevent them from damaging the mucosa and/or
entering the body. The lining of the gastrointestinal tract constitutes the body’s
largest surface area facing the external environment. The integrity of the mucosa
depends on the balance between aggressive luminal factors and mucosal defense
mechanisms. Changes in this balance may sooner or later lead to gastrointestinal
disorders or diseases. The complex way in which this tube, almost nine meters long
in humans, maintains its integrity has challenged and fascinated physiologists for
centuries. This work deals with mechanisms that regulate the duodenal mucosal
bicarbonate (HCO3

–) secretion, one important mucosal defense mechanism.

Aggressive factors in the duodenal lumen

The duodenal lumen is frequently exposed to aggressive factors with a potential to
cause damage to the mucosa. These factors can be divided into two groups: endoge-
nous and exogenous. The main endogenous aggressive factor is hydrochloric acid
(HCl), secreted by the parietal cells in the stomach. The secretory capacity is about
three liters of HCl in 24 hours, with a pH of about one (1). In 1910 Karl Schwarz
published the first clinical observation that gastric acid was associated with gastric
and/or duodenal ulcer disease (2). He noted that acid caused mucosal damage and
that this damage could be decreased by luminal neutralization. He formulated the
famous dictum “Ohne saueren Magensaft kein peptisches Geschwür“ (“Without
acid gastric juice – No peptic ulcer”).

Another harmful factor is pepsin, an enzyme essential for digestion of proteins.
The proenzyme pepsinogen is secreted by the peptic cells in the stomach. When cat-
alyzed by secreted HCl, pepsinogen is cleaved into the active enzyme pepsin. 

There are numerous exogenous factors with the potential to increase the sensibili-
ty of or cause damage to the intestinal mucosa. Infection with the gram-negative
bacteria Helicobacter pylori (H. pylori) has a strong correlation with the develop-
ment of gastroduodenal ulcers (3, 4). When the knowledge of the bacteria became
clearer a new dictum was formulated: “No bacteria – No ulcer”. Eradication of the
bacteria in combination with administration of proton pump inhibitors is effective
ulcer treatment. However, duodenal ulcers do occur in non-infected patients. One
well known group of substances increasing gastrointestinal damage is the nons-
teroidal anti-inflammatory drugs (NSAIDs), which inhibit mucosal prostaglandin
synthesis. It has further been shown that cigarette smoke (5, 6) decreases duodenal
bicarbonate secretion and that ethanol (7, 8) increase the susceptibility of the gas-
trointestinal mucosa to damage.
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Duodenal mucosal mechanisms of protection

The duodenum is the most proximal part of the small intestine, into which the stom-
ach intermittently expels chyme with a high concentration of HCl. A healthy duode-
nal mucosal epithelium resists this challenge. The physiological basis of this barrier
function involves several factors and mechanisms. Duodenal mucosal protection
can be divided into three categories: pre-epithelial, epithelial, and sub-epithelial.

Pre-epithelial protection

The pre-epithelial defense mechanism is often referred to as “the first line” of duo-
denal mucosal defense. The proximal part of the duodenal lumen often attains acidi-
ties as high as close to pH 2 (9–11), but in the immediate vicinity of the surface
epithelium the pH remains neutral (12). A pH gradient is formed by the secretion of
bicarbonate and mucus from the epithelial cells. The viscoelastic mucus gel on top
of the epithelial surface and the bicarbonate secreted into the mucus gel thus pro-
vide pre-epithelial defense against damage (11, 13). The mucus gel consists of ~5%
mucins (glycoproteins) and >90% water (14). The glycoproteins are secreted by
exocytosis by the surface epithelial cells and Brunner’s glands. Together with water,
a gel continuously covering the surface epithelium is formed. The lumen facing part
of the mucus gel is loosely adherent to the epithelial surface and the thickness of the
gel varies along the gastrointestinal tract (15). The gel provides lubrication for food
particles and protects the epithelia from mechanical injury (shear stress). The pro-
tective role of the mucus per se is unclear, but it has a low permeability to macro-
molecules (16) and has been reported to delay back diffusion of hydrogen ions (14).
The role of bicarbonate is better clarified, and will be described in more detail in the
section “Regulation of duodenal mucosal bicarbonate secretion”. The pre-epithelial
defense can be summarized as the neutralization of acid and inactivation of pepsin
at the duodenal mucosal surface.

Epithelial protection

The epithelial defense is often referred to as “the second line”. Epithelial cells of the
gastrointestinal tract are interconnected via tight junctions, closing the apical spaces
between the cells. The duodenal epithelium, when compared with the gastric epithe-
lium, is often referred to as a “leaky” epithelium (11). This is because of its higher
permeability to ions, allowing passive transport of electrolytes between the cells. 

A characteristic property of the intestinal epithelial cells is that the turnover rate
is very high. The average enterocyte only stays alive for two to five days (17). Irri-
tating compounds in the intestinal lumen can decrease this time. With such a high
turnover rate it is very important to maintain the barrier function intact, preventing
agents from entering the body. This is accomplished by restitution, which is a
process of rapid re-epithelialization that occurs within a time-scale of minutes to
hours. The maintenance of epithelial integrity is also strongly dependent on cell
proliferation. The proliferative zone of the duodenal epithelium is in the crypt
region (17). During cell migration, from the crypt region to the villus tip, the duode-
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nocytes differentiates and acquire the functional characteristics of a villus cell, such
as expression of glucose transporters and brush-border hydrolases. This process of
migration and differentiation takes between two and five days (17). 

Sub-epithelial protection

The blood flow is an important part of the sub-epithelial protection, since ion trans-
port and intestinal motility are highly energy-consuming processes. The arteries of
the proximal duodenum originate from the celiac trunk and divide into the gastro-
duodenal and pancreaticoduodenal arteries. The superior mesenteric artery supplies
the more distal part of the duodenum. To achieve a rich blood supply, the vessels of
the gastrointestinal tract have a large number of collaterals. It is well known that the
amount of blood supplying the mucosa is regulated at the level of the arterioles, the
resistance vessels. Mechanisms of regulation include neural, humoral, metabolic
and myogenic factors (18, 19). The blood flow provides the duodenal mucosa with
HCO3

–/CO2 (20, 21) and transfers absorbed nutrients, water, metabolic end-products
and/or toxic substances to the liver.

The enteric nervous system

The enteric nervous system (ENS) plays a crucial part in the regulation of gastroin-
testinal functions such as ion transport (secretion and absorption), motility and
mucosal blood flow. As part of the autonomic nervous system, the ENS is organized
in a complex but very sophisticated network and contains as many neurons as the
spinal cord (1). A unique feature of the ENS is that it can manage its many functions
without input from the brain or spinal cord (22). The ENS is embedded in the gas-
trointestinal wall and consists of the myenteric plexus, located between the circular
and longitudinal muscle layers, and the submucosal plexus, located in the submu-
cosa. In general, the myenteric plexus controls gastrointestinal motility and the sub-
mucosal plexus coordinates ion transport and mucosal blood flow, but there is also
extensive intercommunication between these plexa. 

Although the ENS can function autonomously, the central nervous system (CNS)
has a major influence on gastrointestinal functions. The vagal efferents (parasympa-
thetic) project from their nuclei in the medulla oblongata and terminate in ganglia of
the myenteric plexus, as described by Kirchgessner & Gershon in 1989 (23). These
authors also demonstrated that almost no vagal efferents terminate in the submucos-
al plexus or at the epithelial cells. Signals from the vagal fibers have to be conveyed
in the myenteric plexus. The influence of the sympathetic nervous system is mainly
inhibitory. Sympathetic efferent neurons project from the spinal cord, relay in the
celiac ganglion and terminate in the myenteric and submucosal plexa, as well as in
the mucosa (1).

The intestine also possesses delicate sensory characteristics. The primary afferent
neurons sense the mucosal epithelium and the luminal contents. These neurons can
be divided into three classes: i) intrinsic, ii) extrinsic and iii) intestinofugal neurons
(24). The intrinsic primary afferent neurons project only a short distance and have
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their cell bodies and connections in the intestinal wall. The extrinsic primary affer-
ent neurons have their cell bodies in the vagal and dorsal (spinal) ganglia with
processes in the epithelium, and carry information to the central nervous system.
The intestinofugal neurons have their cell bodies in the gut wall and carry informa-
tion to prevertebral ganglia. 

Regulation of duodenal mucosal bicarbonate secretion

Duodenal mucosal HCO3
– secretion has a key role in duodenal protection against

pulses of HCl and pepsin that are intermittently discharged from the stomach. One
of the unique features of the duodenal epithelium is that it secretes bicarbonate at
higher rates than the mucosa of more distal parts of the small intestine. The main
physiological stimulant of the HCO3

– secretion is the presence of acid in the duode-
nal lumen, and the acid-induced HCO3

– response is mediated by enteric nervous
pathways, involving release of vasoactive intestinal polypeptide (VIP) and acetyl-
choline (11, 13), as well as by E-type prostaglandins (PGs) released from mucosal
cells (25).

Several compounds, of both the hormonal and non-hormonal type, have been
shown to stimulate duodenal mucosal bicarbonate secretion. VIP is a peptide which
very potently stimulates intestinal secretion, and infusion of VIP increases the
HCO3

– transport by the duodenal mucosa in all species tested (11, 26–28). Other
mediators stimulating duodenal bicarbonate transport include cholecystokinin
(CCK), pancreatic polypeptide and neurotensin (29), glucagons (30), pituitary
adenylate cyclase-activating polypeptide (PACAP) (28, 31, 32) and angiotensin II
(33).

The roles of PGs and nitric oxide (NO) in the HCO3
– secretory response to acid

have been studied extensively during recent years. Two cyclooxygenase (COX)
enzyme isoforms, COX-1 (constitutively expressed) and COX-2 (inducibly
expressed), are responsible for PG synthesis. The enzyme responsible for the
increase in bicarbonate secretion after acid challenge is the COX-1 enzyme (34).
Although PGs increase bicarbonate secretion, it has been shown that inhibition of
PG synthesis with indomethacin also increases the alkaline output, by a mechanism
closely coupled to induction of duodenal motility (35, 36). 

The effects of NO on duodenal alkaline secretion are complex. There have been
several reports that systemic (iv) NO synthase (NOS) inhibition with N-nitro-L-
arginine methyl ester (L-NAME) increases duodenal mucosal bicarbonate secretion
(37–40). Other studies, however, have shown that both luminal L-NAME (41, 42)
and iv L-NAME (41, 43, 44) decrease the bicarbonate secretory response to acid.
Three isoforms of the NO-synthesizing enzyme have been found: nNOS (neural),
eNOS (endothelial) and iNOS (inducible). The nNOS and eNOS isoforms are con-
stitutively expressed and are usually named cNOS. Takeuchi et al. recently suggest-
ed that cNOS is responsible for NO production following duodenal acidification
(34).

The bicarbonate secretion is inhibited by NSAIDs as well as by �2-adrenorecep-
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tor sympathetic stimuli. H. pylori infected patients with acute or chronic duodenal
ulcer disease have impaired alkaline secretion (45), and eradication of the infection
at least partly restores the secretion (46). Further, Fändriks et al. showed that water
extracts from H. pylori inhibit duodenal mucosal bicarbonate secretion in the rat
(47).

Central nervous control

Influence of the central nervous system on duodenal mucosal bicarbonate secretion is
well established. The proximal duodenum is densely innervated with vagal fibers,
passing from the medulla oblongata in the CNS and terminating in the myenteric
plexus (48). The myenteric plexus and the submucosal plexus are also innervated by
the sympathetic nervous system. Whether the alkaline secretion is stimulated or inhib-
ited depends on the input signals to the secretomotor neurons of the submucosal
plexus. Electrical stimulation, in the peripheral direction, of the cut vagal nerves in
cats (49, 50) and in rats (51, 52) increases the bicarbonate secretion. The stimulatory
effects are abolished by peripheral hexamethonium. A further indication that the CNS
influences secretion is that sham-feeding increases the duodenal mucosal bicarbonate
secretion in humans (53) and dogs (54). Besides exerting neural influence, the CNS
can also regulate and control the secretions via release of hormones. �-Endorphin
released from the pituitary gland influences duodenal HCO3

– secretion (55). There are
also reports on centrally elicited stimulation of the secretion by some neuropeptides,
including thyrotropin-releasing hormone (TRH), corticotropin-releasing hormone
(CRH) and bombesin (11, 55–57), as well as by some benzodiazepines (58).

Furthermore, an up to a four-fold increase in secretion has been observed after
intracerebroventricular (icv) infusion of the �1-adrenoceptor agonist phenylephrine
(59, 60). This increase was inhibited by the ganglion-blocking agent hexamethoni-
um and by central nervous (but not intravenous) administration of the adrenoceptor
antagonist prazosin. 

Duodenal enterocyte ion transport

Approximately 90% of the intestinal epithelium consists of enterocytes (61). The
knowledge about the intracellular signaling and different ion transporters involved
in duodenal enterocyte bicarbonate secretion is increasing, but is still incomplete.
Three major messenger systems have been suggested as being implicated in the
intracellular control of HCO3

– transport processes: i) intracellular calcium-induced
responses (muscarinic M3 agonists and CCKA), ii) cyclic AMP-activated transport
(prostaglandin EP3 agonists, VIP and dopamine D1 agonists), and iii) cyclic GMP-
activated transport (uroguanylin, guanylin and heat-stable entero-toxin).

The duodenal enterocytes possess different mechanisms for acid/base transport
possibly reflecting the second messenger system activated. HCO3

– and CO2 reach
the epithelium via the blood and HCO3

– is imported at the basolateral membrane by
Na+(n)-HCO3

– cotransport. CO2 diffuses into the enterocytes and HCO3
– is formed

intracellularly by carbonic anhydrase conversion of CO2 + H2O to HCO3
– + H+. The
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enterocytes export HCO3
– at the apical membrane by a Cl–/HCO3

– exchanger as well
as via an anion conductive pathway. It is suggested that the cystic fibrosis trans-
membrane conductance regulator (CFTR) is the ubiquitous membrane spanning
channel that transports Cl– as well as HCO3

– (62–64). An amiloride-sensitive Na+/H+

exchanger extrudes acid both at the apical and at the basolateral membrane. Fig. 1
shows a schematic illustration of the HCO3

– transport by duodenal epithelium.
As the duodenal epithelium consists of both villus and crypt cells it is of great

importance to verify the source of the secretion of HCO3
–. In general, crypt cells are

thought to have a secretory function, whereas the cells in the villi are mainly
absorptive (65). The earlier hypothesis that intestinal secretions are only of crypt
origin while the absorptive functions are restricted to the villi is, however, under re-
evaluation. Suppression of carbonic anhydrase (CA) activity with acetazolamide
decreases duodenal mucosal HCO3

– secretion in humans (66), rabbits (20) and the
guinea pig (67). In rats, acetazolamide has been reported to decrease bicarbonate
secretion (12), but other authors have found no effect (68, 69). Furthermore, the CA
isoenzyme II (CA II), associated with alkaline secretion, is located mainly in the vil-
li and not in the duodenal crypts (70). 
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Fig. 1. A schematic illustration of the ion transporters in duodenal enterocytes. The model is based
upon in vitro and in vivo experiments from several species. CFTR = cystic fibrosis transmembrane
conductance regulator. AE = anion exchanger. NHE = sodium hydrogen exchanger. NBC = sodium
bicarbonate cotransporter.



Melatonin

Melatonin is the major hormone of the pineal gland and was first isolated by Lerner
and colleagues (71). Melatonin is derived from the amino acid tryptophan, which is
converted into serotonin. Two enzymes then synthesize serotonin into melatonin.
The first enzyme, the light sensitive, is N-acetyltransferase (NAT) and the second,
the terminal and light insensitive, enzyme is hydroxyindole-O-methyltransferase
(HIOMT) (72, 73). In the presence of light, no melatonin is synthesized in the cen-
tral nervous system.

The physiological functions of melatonin are numerous. Among other effects,
findings have suggested that melatonin may be involved in the regulation of circadi-
an rhythms (74), scavenging of free radicals (75, 76), alleviation of jet lag (77) and
(in non-human mammals) seasonal reproductive behaviors (74). 

For many years melatonin was thought to be exclusively synthesized by the pineal
gland, but it has become well established that active synthesis of melatonin also occurs
in extrapineal sources. In 1975, some Russian scientists demonstrated melatonin syn-
thesis in human intestinal enterochromaffin cells (78). Furthermore, Quay & Ma
(1976) showed the presence of HIOMT in the duodenal mucosa, and Hong & Pang
(1995) provided evidence for NAT activity in this tissue. These results have recently
been confirmed (79). The amount of melatonin in the gastrointestinal tract does not
depend on the presence of light and is not reduced by pineal glandectomy (80).

Distribution of peripheral melatonin

The major source of melatonin in the body is the gastrointestinal tract (81–83).
Huether showed that the total amount of melatonin in the gastrointestinal tract is at
least 400 times greater than the amount in the pineal gland at any time of the day
and night (81). A similar observation has been made for serotonin (5-HT), of which
approximately 95% is found in the alimentary canal (84). Melatonin is also present
in several other organs, for example the pancreas, liver, bile, urogenital tract, air
way epithelium and the retina. 

Melatonin produced by the enterochromaffin (EC) cells in the intestinal mucosa
seems to contribute to the circulating blood concentration during the daytime (85),
whereas melatonin released from the pineal gland is responsible for the higher con-
centrations during darkness (86). The pineal gland melatonin is released in a circadian
fashion (74, 86), while the melatonin produced in the gastrointestinal tract steadily
enters the circulation (87, 88). Most of the melatonin released from the gastrointesti-
nal tract into the portal vein is metabolized in the liver. An interesting phenomenon
observed is that when the concentrations of melatonin decrease to a daytime level, the
hormone escapes liver metabolism (89). It has also been reported that, in both normal
(85, 90) and pineal glandectomized rats (91), a high tryptophan (melatonin precursor)
diet drastically increases the blood levels and intestinal levels of melatonin.

Being a non-polar and lipid-soluble hormone, melatonin crosses biological mem-
branes, such as the blood-brain barrier, and acts at melatonin-specific receptors in
the central nervous system as well as at such receptors in peripheral tissues. The
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half-life of melatonin in the peripheral circulation is ~20–40 minutes, depending on
the species (92).

Melatonin receptors

Melatonin acts principally via high-affinity receptors coupled to hetero-trimeric
guanine nucleotide-binding regulatory proteins (G-proteins). Three receptor sub-
types have been found (93); two of them, the MT1 and MT2 melatonin receptors,
have been identified in mammals in molecular cloning studies, and a third receptor,
named MT3, has been found though not yet cloned (93, 94). Melatonin receptors are
distributed throughout the gastrointestinal tract (82, 83, 95). 

The signaling properties of the MT2 receptor are becoming clearer since the
recent development of MT2-selective ligands. Unfortunately, no high affinity MT1
receptor ligands have yet been discovered. Ligands with high affinity for MT1
receptors are required to further clarify the physiological and pathophysiological
roles of the biological actions of melatonin. The two receptor subtypes MT1 and
MT2 have in common that they inhibit cAMP formation and stimulate phos-
phatidylinositol hydrolysis (93).

The melatonin receptors mentioned in this work are defined according to the
nomenclature and classification of the Nomenclature Committee of the International
Union of Pharmacology (96). The denomination MT1 corresponds to that of the
recombinant receptor previously termed ML1A or Mel1a. MT2 refers to the native
functional receptors with pharmacological characteristics similar to those of the
recombinant receptor MT2 previously termed ML1B or Mel1b. MT3 corresponds to
the pharmacologically defined melatonin receptor subtype, with unknown gene
sequence, previously referred to as ML2.

AIMS OF THE INVESTIGATION

The general aim of this investigation was to further elucidate the central nervous
and the peripheral regulation of the mucosa-protective duodenal mucosal bicarbon-
ate secretion. One intention was to examine the influence of the hormone melatonin
on the secretion in vivo and to study its effect on duodenal enterocyte intracellular
calcium signaling in vitro.

More specifically, the following aims were addressed:

O study the effects of intravenous infusion, intraarterial infusion close to the duo-
denum, and duodenal luminal administration of melatonin and some melatonin
agonists/antagonists on duodenal mucosal bicarbonate secretion in anesthetized
rats in vivo.

O elucidate the neurohumoral pathways mediating the increase in duodenal mucos-
al bicarbonate secretion elicited by phenylephrine administered icv.

O investigate duodenal mucosal bicarbonate secretion in pineal glandectomized
rats in vivo.
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O study the release of melatonin from the duodenal mucosa.
O examine acid-stimulated duodenal mucosal bicarbonate secretion and the role of

melatonin.
O compare basal and stimulated duodenal alkaline secretory rates in fed animals

and in animals fasted for a short period (overnight).
O develop a method for isolation of duodenal enterocytes suitable for studies of

intracellular signaling.
O elucidate the effects of melatonin on intracellular calcium signaling in duodenal

enterocytes.

MATERIALS & METHODS

In vivo experiments

Animals

All experiments on animals were approved by the Uppsala Ethics Committee for
Experiments with Animals. Male outbred Sprague-Dawley rats (190–260 g) or F1-
hybrids of Lewis x Dark Agouti rats (200–300 g) were placed in a conditioning unit
under standardized temperature and light conditions (21–22°C, 12:12 h light-dark
cycle) for at least four days after purchase. The rats were kept in cages in groups of
two or more and had access to tap water and pelleted food (Ewos, Södertälje, Swe-
den) ad libitum.

Anesthesia and general surgery

The rats were deprived of food for 16–20 h before the experiments, but had free
access to drinking water. The experiments were started by anesthetizing the animal
with 5-ethyl-5-(1’-methyl-propyl)-2-thiobarbiturate (Inactin®), 120 mg/kg body
weight intraperitoneally. The animals were anesthetized in the Animal Department
by the person who had previously handled them. Subsequently, the rats were tra-
cheotomized with a tracheal tube to facilitate respiration, and the body temperature
was maintained at 37–38∞C throughout the experiments by a heating pad controlled
by a rectal thermistor probe.

A femoral artery and vein were catheterized with PE-50 polyethylene catheters.
For continuous recordings of systemic arterial blood pressure the arterial catheter,
containing 20 IU/ml of heparin isotonic saline, was connected to a pressure transduc-
er operating a PowerLab system. The vein was used for injection of some of the
drugs and for continuous infusion of Ringer solution ([in mM] 145 Na+, 124 Cl¯, 2.5
K+, 0.75 Ca2+ and 25 HCO3

–) at a rate of 1.0 ml/h. The latter infusion was given to
compensate for fluid loss and to avoid acid/base changes during the experiments.
Blood acid/base balance was checked in 40 µl arterial blood samples taken at the start
and end of the experiments. After completion of the operative setup, the abdomen
was closed with sutures and the animal was left undisturbed for 40–60 minutes for
stabilization of the cardiovascular, respiratory and gastrointestinal functions. 
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Duodenal preparation

The abdomen was opened by a midline incision and the gastric pylorus was ligated
with a suture. To prevent bile and pancreatic secretion from entering the intestine,
the common bile duct was always catheterized close to its entrance to the duode-
num, with a PE-10 polyethylene tubing. For measurement of duodenal mucosal
HCO3

– secretion, a 12 mm segment of duodenum with its blood supply intact, start-
ing 10–12 mm distal to the pylorus and thus devoid of Brunner’s glands, was can-
nulated in situ between two glass tubes connected to a reservoir (Fig. 2). Fluid (10
ml of 154 mM NaCl), maintained at 37°C by a water jacket, was rapidly circulated
by a gas lift of 100% oxygen. HCO3

– secretion into the luminal perfusate was con-
tinuously titrated with 50 mM HCl at pH 7.4 under automatic control of a pH-stat
system.

Intraarterial infusions

To study effects elicited in the duodenal segment and to minimize possible central
nervous actions, compounds were administered close to the duodenal segment by
intraarterial (ia) infusion. The hepatic artery was cannulated, tied 3–4 mm proximal
to its entrance into the liver, and perfused in the retrograde direction at 17 µl/min
(Fig. 3). This perfusion results in distribution of the perfusate mainly to the duode-
num (via the cranial pancreaticoduodenal artery) and pancreas. 

The distribution was checked visually at the start and end of the experiments by
ia injection of a small amount of isotonic saline. This procedure changed the bright-
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reservoir containing isotonic saline. The mucosal HCO3

– secreted into the luminal perfusate was conti-
nuously titrated under automatic control of a pH-stat system.



ness of the duodenal segment.

Intracerebroventricular infusions

Compounds were administered by icv infusions in order to study duodenal secretory
stimulation elicited in the central nervous system. A metal cannula was inserted into
the right lateral cerebral ventricle by using a stereotactic instrument. A skin incision
was made over the right parietal bone, and a 1 mm hole was drilled through the
bone, 0.8 mm posterior to the bregma and 1.5 mm lateral to the midsagittal suture.
A stainless steel cannula was inserted stereotactically and cemented to the skull.
Artificial cerebrospinal fluid ([in mM] 151.5 Na+, 3.0 K+, 1.2 Ca2+, 0.8 Mg2+, 132.8
Cl–, 25 HCO3

–, 0.5 phosphate; pH 7.4) was infused through this cannula at a rate of
30 µl/h. All agents infused icv had been dissolved in artificial cerebrospinal fluid.
The location of the end of the cannula within the icv space was tested at the end of
most experiments by adding Evans blue solution to the infusate, followed by dissec-
tion of the brain.

Pineal glandectomy
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tied before its entrance into the liver, and the administered drugs were infused in the retrograde direc-
tion. [from Flemström et al. (121) with permission].



We modified a method described by Hoffman & Reiter in 1965 (97). Sprague-Daw-
ley rats were anesthetized by intraperitoneal injection (0.27 ml/kg body weight) of a
solution (Hypnorm®) containing fentanyl 0.315 mg/ml, fluanisone 10 mg/ml and
midazolam 5 mg/ml, which induced surgical anesthesia for about 30 min. Using the
stereotactic instrument, the head of the rat was fixed and the scalp was cut antero-
posteriorly along the midline. The skin flaps were reflected and the temporal and
occipital muscle masses were scraped free. Three lines were cut with a dental drill
equipped with a fissure bar, the bone flap was raised and the dura mater was cut
with a sharp needle. A forceps was put beneath the superior sagittal sinus and the
pineal gland (white and 0.5–1.0 mm in diameter) was removed. Experiments on the
duodenum were not performed until at least one week after pineal glandectomy.

Pituitary glandectomy

Pituitary glandectomy was performed at the Møllegaard Breeding Center by person-
nel with routine experience of this operation. The pituitary gland in male Sprague-
Dawley rats (weighing 190–230 g) was removed by suction with a syringe through
the ear. The animals were observed for one week following the operation, and
absence of gain in weight (indicating lack of growth hormone incretion) was used to
confirm the removal of the pituitary gland. The animals were then transported to
Uppsala together with non-operated animals of the same breed for control experi-
ments. To maintain body acid/base balance the rats were always supplied with
drinking water adjusted to pH 3 with HCl. Twenty-four hours before the experi-
ments 0.5 mg/kg dexamethasone (Decadron®) was injected intramuscularly to com-
pensate for the loss of endogenous glucocorticosteroids. This injection was neces-
sary to keep the rats alive during the experiments. 

Transmucosal electrical potential difference

The duodenal transmucosal electrical potential difference (PD) was measured in
some experiments and recorded between the duodenal mucosa and posterior vena
cava with a high-input impedance voltmeter via matched calomel half-cells. The
half-cells were connected to the animal by means of agar bridges (2 M KCl) with
their distal ends located in the luminal solution and the posterior vena cava, respec-
tively.

Section of vagus nerve and sympathetic chain

The common carotid arteries were identified and the surrounding nerves were dis-
sected free from the arteries under light microscopy. In one group only the cervical
vagal nerves were cut, at the sub-laryngeal level. In a second group the cervical par-
avertebral sympathetic chain was cut. In a third group all nerves around the carotid
arteries (including vagal trunks and sympathetic chain) were ligated and cut at the
sub-laryngeal level.

Melatonin analyses
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Arterial blood samples (0.7–1.0 ml) were obtained from the rat tail artery and from
the femoral artery. All blood samples were taken between 11 am and 3 pm. The
blood samples were left for 30 min at room temperature to coagulate and then cen-
trifuged at 4000 rpm at 4°C for 7 min. The serum was then stored at –20°C until
analyzed at Nova Medical AB, Skövde, Sweden, using an ELISA assay (Bühlmann
Labs., Allschwil, Switzerland). The detection limit of the assay was 0.05 pmol/ml.
The intra-assay and inter-assay coefficients were below 6.6 %.

Melatonin was also determined by high-performance liquid chromatography
(HPLC) with electrochemical detection, running ChromeleonTM software (Dionex
Corporation, Sunnyvale, USA) on an IBM-compatible computer. Melatonin was
separated on a Luna C18 column (5 µm particle size, 150 x 4.6 mm). The isocrati-
cally operated chromatographic system was perfused with the following mobile
phase: 0.1 M sodium acetate, 0.1 M citric acid, 0.15 mM EDTA, 30 % methanol,
pH 3.7, at a flow rate of 1.0 ml/min. The electrochemical detector potential was
adjusted to +900 mV. The total runtime was 15 min. Melatonin was eluted at 12 min
and 57 sec and 6-fluorotryptamine was eluted at 5 min and 58 sec. Samples of 2.0
ml of re-circulating luminal perfusate, from the chamber illustrated in Fig. 2, were
taken and 1.0 ng of the internal standard 6-fluorotryptamine was added. The sam-
ples were then filtered through an Acrodisc® LC 13 mm syringe filter with a 0.2 µm
PVDF membrane (Pall Gelman Laboratory, USA) and freeze-dried. The residues
were dissolved in 230 µl HPLC mobile phase. Duplicate 100 µl samples of the solu-
tion were injected into the chromatographic system (Injector Mod. 7725i, 100 µl
loop, Rheodyne Inc., San Francisco, USA). Melatonin concentrations were calculat-
ed on the basis of comparison with the internal standard. The melatonin detection
limit of the HPLC system was 0.5 ng. The calibration curves for melatonin and 6-
fluorotryptamine showed linear responses over the studied ranges. Triplicates of
melatonin standards (0.5, 1.0, 10, 100 and 1000 ng) were injected into the HPLC
system and the calibration curve equation obtained was y = 3.25x + 0.42, r2 = 0.99.
The internal standard was also injected into the HPLC system in triplicates. 6-fluo-
rotryptamine (0.05, 0.5, 5.0 and 50 ng) yielded the calibration curve equation y =
18.6x + 0.075, r2 = 0.99.

Statistical analysis

Descriptive statistics are expressed as means ± SEM, with the number of experi-
ments given in parentheses. Rates of alkaline secretion by the duodenum are
expressed as microequivalents of base (HCO3

–) per centimeter of intestine per hour
(µEq•cm–1•h–1). The secretion and mean arterial blood pressure (MAP) were moni-
tored continuously and recorded at 10-min intervals. The statistical significance of
data was tested by repeated measures analysis of variance. To test differences within
a group a one-factor repeated measures ANOVA was used, followed by Fishers’s
PLSD post hoc test. Between groups the results of HCO3

– secretion with drug
administration were compared with the secretory rates obtained with control ani-
mals infused with vehicle alone or with other compounds. For this comparison, a



two-factor repeated measures ANOVA followed by a one-way ANOVA at each time
point was used. If the ANOVA was significant at a given time point, a Fisher’s
PLSD post hoc analysis was used. All statistical analyses were performed on an
IBM-compatible computer using StatView 5.0 software. P values of <0.05 were
considered significant.

In vitro experiments
Human biopsies

Biopsy specimens from the duodenum were obtained from patients undergoing
upper endoscopy at the Gastroenterology Unit, Uppsala University Hospital and
found to have endoscopically normal duodenal and gastric mucosae. Results
obtained from 17 biopsy specimens from 8 patients are presented. The project was
approved by the Ethics Committee of the Medical Faculty at Uppsala University,
and all subjects provided written informed consent. The specimens were taken
between 9 am and 10 am with Radial Jaw (Large Capacity with Needle) single-use
biopsy forceps and immediately transported to the laboratory at the Biomedical
Center, Uppsala, Sweden.

Rat tissue preparation

The experiments were begun before 9 am, and to avoid possible stimulatory effects
of anesthetics on intestinal mucus release, the rats were decapitated. A 3-cm seg-
ment of duodenum, starting 2–3 mm distal to the pylorus, was promptly excised via
an abdominal midline incision and freed from mesentery. The segment was opened
along the antimesenteric axis and the luminal surface was rinsed with a normal res-
piratory medium (NRM) ([in mM] 114.4 Na+; 5.4 K+; 1.0 Ca2+; 1.2 Mg2+; 121.8 Cl–;
1.2 SO4

2–; 6.0 phosphate; 15.0 HEPES; 1.0 pyruvate; and 10 glucose plus 10 mg/l
phenol red, 0.1 mg/ml gentamicin and 2.0% fetal calf serum). The pH was adjusted
to 7.40 immediately before use and the temperature was maintained at 37°C. The
sheet of duodenal wall was then put on a precleaned glass slide (lumen side up) and
the mucosa was gently scraped-off. The depth of mucosal tissue removed by the
scraping procedure (and used for experiments) was tested by morphological exami-
nation of the remaining tissue (fixed in 10% neutral buffered formalin and stained
with hematoxylin-eosin). The duodenal remnant contained some crypt bases and all
submucosa containing Brunner’s glands. Cells originating from the latter glands
were thus excluded from the studied preparations.

Isolation of enterocytes in clusters

The scraped-off rat mucosa or the human biopsy specimens were then cut into
pieces 0.3–0.8 mm in diameter which were dispersed and briefly shaken in NRM
solution also containing 0.5 mM dithiothreitol (DTT). After sedimentation for 2–3
min, the supernatant was removed and the tissue fragments (in the sediment)
washed three times in NRM solution (not containing DTT). Following brief gassing
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with 100% O2, the tissue fragments (15–20 µl) were then exposed to mild digestion
for 3 min by inoculation in 10 ml NRM solution containing 0.1 mg/ml collagenase
type H (Sigma) and 0.1 mg/ml dispase II (Mannheim). Digestion was performed at
37°C in a horizontal shaking water bath, and was stopped by adding DTT (to a con-
centration of 0.3 mM) and the solution was centrifuged (3 min at 1,000 g). The pel-
let was washed three times by suspension in 10 ml DME/F12 (with 15 mM HEPES
and 2.5 mM glutamine) followed by centrifugation (3 min at 1,000 g). HCO3

– (1
mM), gentamicin (0.01 mg/ml) and fetal calf serum (2.0%) were always added to
the DME/F12 and the pH was adjusted to 7.40. The preparatory procedure yielded
clusters (10–100 cells) of interconnected duodenal enterocytes as well as smaller
amounts of single cells. The clusters were composed predominantly of cells with
morphological characteristic of crypt cells. The viability after the preparation was
tested by trypan blue exclusion (>95%). The final pellet was suspended in ~1.0 ml
of DME/F12 (with the same additives) solution and immediately put on ice, a pro-
cedure found to increase the viability of the enterocyte clusters compared with
keeping the cells at 37°C.

Cell loading and calcium measurements with fura-2

For measurement of the intracellular calcium concentration ([Ca2+]i), 70 µl of the
cell cluster suspension was loaded at 37°C with fura-2 acetoxymethyl ester (2 µM)
for 20–30 min in an electrolyte solution ([in mM] 141.2 Na+; 5.4 K+; 1.0 Ca2+; 1.2
Mg2+; 146.4 Cl–; 0.4 phosphate; 20.0 TES; and 10 glucose; pH 7.40) that has been
found appropriate for studies of cell aggregates from other tissues (98). Probenesid
(1 mM), pluronic F-127 (0.02%) and fetal calf serum (2.0%) were present during
the loading procedure. The fura-2-loaded cell aggregates were spun down and
placed on an uncoated, precleaned circular glass coverslip (Ø 25 mm) at the bottom
of a temperature-controlled (37°C) perfusion chamber (Fig. 4) and fixed on top of
the coverslip by a uniformly sized pore polycarbonate membrane filter. The cover-
ing filter and the cell preparation were perfused (1 ml/min) with the electrolyte
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Fig. 4. Schematic illustration of the temperature-controlled perfusion chamber.



solution and receptor ligands to be tested were added by inclusion in the perfusate.
Changes in [Ca2+]i in the fura-2-loaded cells were measured by the dual-wave-

length excitation ratio technique by exposure of the cells to alternating 340 and 380
nm light with the use of a filter changer under the control of an InCytIM-2 system
(Intracellular Imaging) and a dichroic mirror (DM430, Nikon). Emission was mea-
sured through a 510 nm barrier filter with an integrating CCD camera. Calibration
of the fluorescence data was accomplished in vitro according to the method
described by Grynkiewicz et al. in 1985. 

Data analyses

All statistical analyses were performed on an IBM-compatible computer using
StatView 5.0 software. When appropriate, statistical significance was calculated
using Student’s t-test. Non-linear curve-fitting of the data was achived by use of
SigmaPlot for Windows 4.01.

RESULTS AND DISCUSSION

The gastrointestinal epithelium is the largest surface area in the body. Facing the
external environment, the epithelium is repeatedly challenged by aggressive factors
of both exogenous and endogenous origin. Today, the duodenal mucosal bicarbon-
ate secretion is accepted as the primary defense mechanism against the HCl that is
intermittently expelled from the stomach. The secretory rates of HCO3

– are higher in
the duodenum than in the stomach and in other, more distal parts of the small intes-
tine (11). The investigations described in this study have focused on the central ner-
vous regulation on duodenal mucosal bicarbonate secretion as well as the effects of
melatonin on this secretion. On the basis of results from in vivo and in vitro studies,
physiological processes of potential importance for regulation of the protective
alkaline secretion by the duodenal mucosa are suggested. 

The essence of the results will be discussed below, but the “take-home” message
of this work is that intestinal melatonin is an important mediator in the CNS- and
HCl-elicited stimulation of duodenal mucosal bicarbonate secretion. This in turn
suggests that melatonin may be involved in duodenal mucosal protection against
acid. Intestinal melatonin most probably originates from the enterochromaffin cells,
and the released melatonin activates adjacent enterocytes to secrete HCO3

–. With
calcium as an intracellular and intercellular messenger, the duodenal enterocytes
form a secretory functional syncytium. Further, the sensitivity to some peripheral
stimulators of duodenal mucosal HCO3

– secretion depends markedly on the feeding
status of the animals.

The physiological relevance of bicarbonate secretion 

Evidence for HCO3
– secretion originating from the duodenal mucosa was first

reported a century ago in a thesis from Pavlov’s laboratory in St. Petersburg (99).
Since that time, both in vitro and in vivo studies have shown that the duodenal
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mucosa secretes HCO3
– at high rates (11). In the normal situation, when the duode-

nal mucosa is healthy, bicarbonate enters the continuous layer of viscoelastic mucus
gel on top of the epithelial surface and maintains the pH in its cell-facing portion at
neutrality in spite of high acidities in the duodenal lumen (12, 13, 16). When the
bicarbonate secretion is inhibited by NSAIDs, or when the secretory neurohumoral
regulation is malfunctioning, as in H. pylori-infected patients with acute and chron-
ic duodenal ulcer disease, the acid may acidify the epithelial surface and cause
mucosal damage. It should be noted that bicarbonate secreted from the duodenal
epithelium is not solely responsible for neutralizing the gastric acid expelled into
the intestine. It serves as an epithelial protector and together with bicarbonate-rich
juices from the liver and pancreas it inactivates proteolytic enzymes, such as pepsin,
and neutralizes the gastric acid. Overall, acid-stimulated mucosal HCO3

– secretion
probably accounts for ~40% of the neutralization of the gastric acid load to the duo-
denum; pancreatic and biliary HCO3

– accounting for the remaining bulk neutraliza-
tion (100, 101).

Melatonin as an intestinal hormone

In humans and other mammals, including rodents, melatonin secretion from the
pineal gland peaks at darkness (night), independently of species differences in day
or night activity (73). Melatonin is synthesized from tryptophan, with serotonin as
an intermediate precursor, and is released from the pineal gland into the circulation.
Being a non-polar and lipid-soluble hormone, melatonin crosses the blood-brain
barrier and acts at melatonin-specific receptors in the CNS as well as at such recep-
tors in peripheral tissues. Importantly, melatonin is also produced by the EC cells in
the intestinal mucosa (102) and the total amount of melatonin in the alimentary tract
is considerably higher (>400) than that in the CNS (81). It should also be noted that
EC cells are in close contact with fibers from the autonomic nervous system (103).
The physiological role of the intestinal source of melatonin has not been fully estab-
lished. Like the EC cell products guanylin (104) and serotonin (84), intestinal mela-
tonin may have a role in the reaction between the mucosa and the luminal contents. 

Luminal perfusion of melatonin induced high rates of duodenal mucosal HCO3
–

secretion (Fig. 5.) (105) and such an effect was also observed after iv or close ia infu-
sion (60). This may be in line with the proposal that melatonin acts as an intestinal
intraluminal hormone, exerting actions in intestinal segments distal to the sites of
release (88). It should be noted in this context that the continuous discharge of bile
into the duodenum that occurs in the rat is probably a source of intestinal intra-lumi-
nal melatonin (106, 107). At least during conditions of intestinal paralysis, the mucus
layer on the surface of the duodenal mucosa provides a physical barrier to the migra-
tion of macromolecules and some secretagogues, including prostaglandins, to the
epithelial surface (16). The high rates of mucosal HCO3

– secretion induced by mela-
tonin would suggest that the mucus layer does not significantly inhibit the migration
of melatonin from the luminal fluid to the epithelial surface (105).

We demonstrate for the first time that melatonin and melatonin receptor agonists

132



increase the duodenal HCO3
– secretion in rats (60). The secretagogues were adminis-

tered by ia infusion close to the duodenal segment, a procedure that would mini-
mize central nervous actions. Considerably higher doses were required for stimula-
tion when the hormone was given iv, strongly indicating that the stimulation by
melatonin is elicited within the duodenum and is not mediated by a primary central
nervous action. The secretory responses were inhibited by iv infusion of the pre-
dominantly MT2-selective melatonin receptor antagonist luzindole (18-fold selectiv-
ity MT2>MT1).

Luminal melatonin is a potent stimulator of the HCO3
– secretion by the duodenal

mucosa (105). When rats were pretreated with iv luzindole, the effects of luminal
melatonin were efficiently abolished (Fig. 5). The ganglion-blocking agent hexam-
ethonium (a nicotinic receptor antagonist) reduced the magnitude of the stimulatory
effect of luminal melatonin on HCO3

– secretion (105). It should be noted that the
HCO3

– secretory rate always remained significantly higher than that in untreated
controls. Stimulation of HCO3

– secretion by local intestinal melatonin seems to be in
line with the finding that melatonin increased the intracellular Ca2+ (Fig. 6) in iso-
lated duodenal enterocytes (108). Taken together, these observations suggest an
action of melatonin on receptors at duodenal enterocytes as well as on such recep-
tors in the ENS. Neither luzindole at a dose that inhibited the stimulation by exoge-
nous melatonin, nor another melatonin receptor antagonist (4-P-PDOT) affected
spontaneous (basal) HCO3

– secretion. This suggests that endogenous melatonin has
no effect on basal secretion. 
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Fig. 5. Perfusion of the duodenal lumen with melatonin increased duodenal bicarbonate secretion. This
secretory response was abolished by pretreatment with luzindole and significantly inhibited by pretre-
atment with hexamethonium. [from Sjöblom et al. (105) with permission].



It should be pointed out that the doses of melatonin required for stimulation of
duodenal HCO3

– secretion seem to be much lower (>100-fold) than those tested in
animal models of depressive disease (109) or used in humans for treatment of sleep
disturbances or depression (110).

In spite of the considerably smaller total amounts of melatonin produced in and
released from the pineal gland during the daytime, melatonin from the CNS may be
important in the night-time control of the duodenal alkaline secretion and mucosal
protection. The experiments in this study were started at around 9 am and were per-
formed during the daytime when the pineal gland release of melatonin is low. They
do not exclude the possibility of an increase in protective HCO3

– secretion induced
by the higher levels of melatonin that occur in darkness.

Recent studies in rats have shown that during the dark-phase, compared with the
daylight phase, the frequency of duodenal and jejunal migrating motor complexes
was increased by 20% and that this was abolished by the melatonin antagonist
S20928 (111, 112). These authors concluded that pineal gland melatonin is involved
in the dark-phase physiological control of the pre- and postprandial changes of
intestinal motility.

Acid-induced secretion

The HCO3
– secretion and in particular the secretory response to acid, as stated previ-

ously, is the principal mechanism in duodenal mucosal protection against acid
expelled from the stomach. In the presence of a low pH in the duodenal lumen, ~pH
5 in rats (12) and ~pH 3 in humans (113), neural reflexes and mucosal production of
prostaglandins are stimulated.

The results show that the melatonin antagonist luzindole decreases the HCO3
–
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Fig. 6. Isolated human duodenal enterocytes in clusters increased their intracellular calcium concentra-
tion after perfusion with melatonin. [from Sjöblom et al. (108) with permission].



response to acid (105). This suggests that melatonin is involved in mediating the
increase in alkaline secretion induced by the presence of acid in the duodenal lumen. 

It is reported that the surface epithelium and its close luminal vicinity are neutral
even when the pH in the duodenal lumen is close to 2 (12, 39). This raises the
intriguing question of how acid is sensed by the secreting epithelium. One hypothe-
sis is that there are acid-sensitive neural receptors or cell filaments protruding into
the surface gel that sense the luminal pH. Holm et al., on the other hand, have
recently proposed that the stimulation of alkaline secretion may not be due to H+

itself, but rather to the rapidly diffusible CO2 generated within the mucus gel during
the reaction between secreted HCO3

– and H+ ions (114). 
There is some uncertainty to which extent cells in the villus tip actually secretes

bicarbonate. Furthermore, at least part of the duodenal alkaline secretion originates
from the villi, but the major bicarbonate output is from the crypt region, findings in
line with the general theory that crypt cells have a secretory function whereas cells
in the villi are mainly absorptive (65).

On the basis of recent studies of intracellular pH (pHi) in apical villus cells in
situ, it has been suggested as an additional mucosal protective mechanism that an
acidic pHi facilitates basolateral uptake of base (HCO3

–), increasing intracellular
neutralization (115). This may be an important defense mechanism for the cells in
the villus tip covered by a thin and loosely adherent mucus gel. Further evidence
that would support the intracellular buffering mechanism is that CA II is located
mainly in the villi and not in the duodenal crypts (70). This suggests that H+ ions
that enter the enterocyte can directly, together with HCO3

–, be converted into water
and CO2. Concerning the deeper part of the villi and the crypt region secretion of
bicarbonate probably plays a crucial role in the protection against the acid. 

Central nervous influence of bicarbonate secretion

Intracerebroventricular infusion of the �1-adrenoceptor agonist phenylephrine has
previously been shown to increase the duodenal secretory rate in rats (59). In that
study the increase in secretion was abolished by intravenous pretreatment with the
ganglion-blocking agent hexamethonium and by icv (but not iv) administration of
the adrenoceptor antagonist prazosin. 

Centrally elicited stimulation of the secretion has also been observed after admin-
istration of some neuropeptides, including TRH (57), CRH (55) and bombesin (56),
and of some benzodiazepines (58). Bilateral ligation of the vagal trunks at the sub-
laryngeal level inhibits the stimulation of duodenal (57) and pancreatic (116) secre-
tion induced by TRH given icv. Truncal vagotomy alone also abolishes the respons-
es to icv bombesin and icv or iv administration of benzodiazepines, but identical
vagotomy does not affect the response to icv phenylephrine. 

We found that icv phenylephrine stimulated the duodenal bicarbonate secretion
(Fig. 7) (60). Sectioning all nerves around the carotid arteries, in contrast to sympa-
thetic chain ectomy alone or truncal vagotomy alone, markedly inhibited the duode-
nal secretory response to icv phenylephrine (Fig. 8). Differences between effects of
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Fig. 7. Bicarbonate secretion increased significantly after administration of phenylephrine icv. Neither
pineal nor pituitary glandectomy inhibited the secretory response to icv phenylephrine. [from Sjöblom
et al. (60) with permission].

Fig. 8. Pretreatment with iv luzindole and section of both the vagal trunks and the sympathetic chains
(at the sub-laryngeal level) significantly inhibited the duodenal bicarbonate secretion occurring in
response to icv phenylephrine while cervical sympathectomy did not influence this response. [from
Sjöblom et al. (60) with permission].



truncal vagotomy alone and of extended peri-carotid nervectomy have been
observed previosly in studies of duodenal distension-secretory interactions (35).
These differences may reflect intercommunications between the vagal and sympa-
thetic neural pathways at the cervical level (117) and the anatomical mixing of path-
ways (118). Phenylephrine possibly mediates duodenal bicarbonate secretion by a
different central mechanism than the other aforementioned neuropeptides and drugs.

Our results demonstrate that the melatonin receptor antagonist luzindole is a
potent inhibitor of the duodenal secretory response to icv phenylephrine (60, 119).
Central nervous melatonin had no effect on the secretion. It was also established
that the basal HCO3

– secretion in both pineal glandectomized and pituitary glandec-
tomized animals was the same as that in untreated controls (Fig. 8) (60). Further,
there were no differences between pineal and pituitary glandectomized rats and rats
with these glands intact in respect to the secretory response to icv phenylephrine.
Exclusion of a role of pituitary hormones was further confirmed by the finding that
iv infusion of neither CRH, ACTH nor MSH affected the duodenal HCO3

– secretion
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Fig. 9. When the duodenal mucosal bicarbonate secretion was stimulated with icv phenylephrine the
total amount of melatonin in the luminal perfusate increased more than 10-fold. Animals pretreated
with luzindole and given phenylephrine icv did not increase their alkaline secretion, but released the
same amount of melatonin from the proximal duodenum. t = experimental time. [from Sjöblom et al.
(119) with permission].



in intact animals. 
The release of melatonin from the duodenal mucosa into the luminal perfusate

after icv administration of phenylephrine was investigated (119). Compared to con-
trol animals, phenylephrine induced an approximately 10-fold intraluminal increase
in the melatonin level (Fig. 9). Pretreatment with luzindole almost abolished the
marked increase in bicarbonate secretion induced by icv phenylephrine, but did not
inhibit the luminal release of melatonin. The blood concentration of melatonin
showed a tendency to an increase in pineal glandectomized rats after icv infusion of
phenylephrine compared with that in such animals infused icv with vehicle alone
(60). The tendency did not attain statistical significance. The combined results
strongly suggest that melatonin is released from the intestinal mucosa after icv stim-
ulation with phenylephrine.

Fasting influence on secretion

Ever since Pavlov presented his classical work at the end of the 19th century, most
experimental studies of gastrointestinal physiology and pathophysiology in intact
animals have been conducted after an overnight fasting period (120). The presence
of food itself has considerable effects on intestinal functions (24). We therefore
examined the question whether the fasting procedure per se influenced the duodenal
alkaline secretory response to some secretagogues.

It was established that feeding induced or very markedly potentiated the response
of the duodenal HCO3

– secreting epithelium to some stimuli but not to others (121).
The most pronounced difference was noted after administration of orexin-A. Orex-
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Fig. 10. Orexin-A (left) stimulates the duodenal mucosal bicarbonate secretion in fed animals but not
in those fasted overnight. The hormone melatonin (right) is a stimulant of duodenal mucosal HCO3

–

secretion. No significant differences between the fed and fasted animals were observed. [from Flem-
ström et al. (121) with permission].
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Fig. 11. A model illustrating the proposed role of melatonin in the regulation of duodenal mucosal
bicarbonate secretion. The intracerebroventricularly infused phenylephrine binds to �1-adrenoceptors
in the hypothalamus. This activates the paraventricular nucleus, in the hypothalamus, which has sub-
stantial projections to the dorsal motor nucleus of the vagus nerve in the medulla oblongata. The vagal
nerves, and cervical sympathetic fibers, then project to the enteric nervous system (ENS). The activa-
tion of the myenteric plexa, via nicotinic receptors, directly or indirectly via the submucosal plexa,
innervates enterochromaffin cells in the intestinal mucosa to release melatonin. The melatonin has
paracrine secretory actions at adjacent duodenal enterocytes. Melatonin also activates secretomotor
neurons in the ENS, also leading to bicarbonate secretion. Binding of melatonin to the duodenal ente-
rocytes increases intracellular calcium. The increase in calcium concentration activates the electrone-
utral HCO3

–/Cl– exchanger. Duodenal enterocytes intercommunicate with adjacent enterocytes to form
a secretory functional syncytium. [from Sjöblom et al (119) with permission].



ins (A and B) were originally discovered in the CNS as peptides that increased the
appetite for food in animals (122). Both orexins are also found in neurons and in
neuroendocrine cells of the intestine (123, 124), and orexin immunoreactivity is co-
localized with VIP and choline acetyltransferase (125). Both OX1 and OX2 recep-
tors are thus expressed throughout the intestine in different cell types (125). OX1
receptors are expressed mainly in neurons, while OX2 receptors are expressed main-
ly by endocrine cells. The roles played by orexins in the gastrointestinal tract are
not well understood. These peptides have been reported both to increase (123) and
to reduce (126) the motility in the small intestine. Orexins thus probably act at sev-
eral levels and some of their different actions are very probably mediated via other
neurohumoral systems in the intestine.

Orexin-A caused a robust increase in the HCO3
– secretory rate in fed animals, but

did not affect that in animals fasted overnight (Fig. 10) (121). Similarly, fasting
reduced the secretory sensitivity to the muscarinic agonist bethanechol by a dose-
factor of ~100. In contrast, the HCO3

– secretory responses to melatonin (Fig. 10) and
VIP were not affected by overnight fasting. This demonstrates that feeding does not
cause a general increase in the responsiveness of secretory peptides, but has a more
selective action. The mechanisms by which feeding promotes responses to orexin
and bethanechol are not clear. However, fasting may inhibit orexin and muscarinic
responses by receptor desensitization or by changing the receptor density.

Enterocyte calcium signaling

Normally cells of various types keep their intracellular calcium concentration
([Ca2+]i) at a constant resting level (around 100 nM) (127). Upon receptor stimula-
tion, extracellular influx or the release of calcium from intracellular storages can
increase the intracellular calcium concentration within a very short time. This acti-
vation is the first step that finally leads to cellular events. One of the goals in cellu-
lar physiology is to understand how intracellular signaling systems regulate differ-
ent cellular processes. As in other cells and tissues, agonist-induced [Ca2+]i signal-
ing is probably of utmost importance in control of various aspects of enterocyte
function, but very few studies of [Ca2+]i signaling in enterocytes have been reported.
Small intestinal enterocytes in situ are programmed to a very restricted life span
(2–5 days in rodents) (17). In addition, enterocytes in situ rapidly respond to irritat-
ing compounds in the intestinal lumen by apoptosis and expulsion. Very probably
reflecting these physiological characteristics, small intestinal enterocytes appear
more difficult than, for instance, gastric parietal cells or pancreatic �-cells to main-
tain viable after isolation (128). The results demonstrate that clusters of freshly iso-
lated enterocytes from the proximal small intestine can be kept viable, providing a
suitable model for studies of agonist-induced [Ca2+]i signaling (108). The viability
of the enterocytes in clusters, as studied by trypan blue exclusion, was good (>85%
after six hours). It may be compared with the viability (10% after 2–4 hours) report-
ed in studies of intracellular pH in acutely isolated villus tips from rat duodenum
(129). The findings show further, for the first time, that melatonin has a direct
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action on duodenal epithelium (108). Melatonin increases [Ca2+]i in duodenal ente-
rocytes from both rats and humans. Low concentrations of melatonin, with EC50
17.0 ± 2.6 nM, and of agonists 2-iodomelatonin and 2-ibmt, increased enterocyte
[Ca2+]i. The receptor antagonists luzindole (MT2>MT1) and DH97 (90-fold selectiv-
ity MT2>>MT1; Teh & Sugden 1998) abolished the responses to melatonin. 

In the main type of melatonin-induced signaling pattern, [Ca2+]i spiked rapidly
and then slowly returned to baseline or almost baseline values (Fig. 6). In a smaller
number of cells, [Ca2+]i tended to remain at a plateau level. The magnitude of the
initial rise in [Ca2+]i was dependent on the perfusate concentration of melatonin in
some enterocytes. In other experiments, there was a rapid down-regulation of the
response, similar to the desensitization observed with CCK-8 in duodenal entero-
cytes in primary culture (130). Interestingly, there is a dose-dependent increase in
mucosal HCO3

– secretion as well as apparent desensitization of the response when
melatonin is administered to rat duodenum in situ (60). The latter occurs during
infusion of a relatively high dose (2000 nmol•kg-1•h-1) of the compound. The simi-
larity suggest a role of [Ca2+]i in mediating melatonin-induced stimulation of the
secretion.

Perfusion with calcium-free solutions abolished the plateau phase but not the ini-
tial increase in [Ca2+]i in rat duodenal enterocytes. A biphasic Ca2+ response to ago-
nists is characteristic of many non-excitable cell types and a substantial amount of
evidence indicates that the initial spike in [Ca2+]i is the result of release of Ca2+ from
an intracellular storage site(s), whereas the later sustained phase is due to the influx
of Ca2+ across the cell membrane. In duodenal enterocytes in primary culture, car-
bachol (acting at muscarinic M3 receptors) induced biphasic [Ca2+]i responses
(130), similar to those observed with melatonin. The sustained phase of the rise in
[Ca2+]i was, as found here with melatonin, attributable to extracellular Ca2+.

Another interesting type of [Ca2+]i response to melatonin was observed in the
responding preparations. The initial transient increase in [Ca2+]i was followed by
slow rhythmic oscillations in [Ca2+]i of high amplitude which spread throughout the
cluster of enterocytes. Oscillations (and spread of oscillations) were never observed
in the absence of Ca2+ in the perfusate, suggesting that influx of Ca2+ contributes to
the phenomenon. Presence of extracellular Ca2+ may also be important, however, in
maintaining mucosal cell-to-cell communication. The melatonin-induced oscilla-
tions observed in clusters of rat as well as human duodenal enterocytes occurred
with about the same frequency (~ one period in 5 min) (108). Thus, there was no
decline but rather a time-dependent gain in amplitude, and oscillations spread with-
in the cell cluster.

We used isolated clusters of enterocytes, a preparation that should be devoid of
neural tissue (108). Pretreatment with the muscarinic antagonist atropine did not
affect the basal [Ca2+]i or the response to melatonin, further excluding the possibili-
ty that melatonin might act at muscarinic receptors at the enterocyte cell membrane. 
Cellular responses depend on the pattern and magnitude of [Ca2+]i signaling (131)
and as stated previously calcium is one of the major regulators of physiological



functions. We have preliminary data that support our theory that the increase in cal-
cium activates enterocyte stimulus-secretion coupling. In clusters of duodenal ente-
rocytes melatonin affects intracellular pH, suggesting activation of enterocyte
acid/base transport (Sjöblom 2003, unpublished observations). The duodenal secret-
agogues dopamine, VIP and prostaglandin E2 increase cAMP production (132,
133), and intracellular cGMP is involved in mediating the HCO3

– secretory respons-
es to guanylin and heat stable enterotoxin (STa) (64). Interactions between these
pathways and enterocyte [Ca2+]i signaling would seem likely.

Ion transporters

Duodenal enterocytes export HCO3
– by an apical Cl–/ HCO3

– exchanger as well as an
anion conductive pathway, very probably the CFTR channel. Anion-channel depen-
dent transport of HCO3

– may be a property of crypt cells, where the CFTR channels
are expressed at the greatest levels. The apical transporters in the villus cells, in
contrast, constitute the electroneutral anion exchanger. 

The duodenal transmucosal electrical potential difference was measured in some
experiments (60). The PD was recorded between the duodenal mucosa and the pos-
terior vena cava with a high-input impedance voltmeter via matched calomel half-
cells. The results demonstrate that melatonin stimulates duodenal mucosal transport
of HCO3

– without a significant change in PD, indicating an electroneutral transport
process.

Clinical relevance

Convincing evidence that melatonin stimulates HCO3
– secretion in the rat has been

provided in this work. Furthermore, centrally elicited stimulation induces duode-
nal luminal release of melatonin, most probably from the intestinal EC cells. In
enterocytes, both of human and rat origin, melatonin increases intracellular calci-
um, suggesting that intestinal actions of the hormone may be similar in the two
species.

Circadian rhythms in pain and discomfort are pathological features in gastroduo-
denal ulcer, and the incidence of gastroduodenal ulcer is reported to show peaks at
certain periods of the year (134). Melatonin is the major hormone regulating circa-
dian rhythms. Interestingly, there is a strong disturbance of melatonin secretion in
both the exacerbation and in the remission stage of the disease in patients with duo-
denal ulcer (135). Studies in fasting animals have shown that the gastric secretions
of HCO3

– and mucus, both important in mucosal protection, exhibit day and night
rhythms with peak times different from those of the mucosa-aggressive H+ secretion
(136). This phase shift in secretory rhythms may, in theory, result in circadian varia-
tions in mucosal vulnerability to acid injury.

Conclusions

The work presented in this study provides new and interesting knowledge about the
central nervous as well as the peripheral regulation of the mucosa-protective bicar-
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bonate secretion by the duodenal mucosa. The conclusions are based upon integra-
tive animal experiments in vivo combined with in vitro experiments with tissues of
human and rat origin. Fig. 11 summarizes the proposed role of melatonin in the reg-
ulation of HCO3

– transport by the duodenal epithelium. The main findings are sum-
marized as follows:
O Melatonin is a potent stimulant of duodenal mucosal bicarbonate secretion and

seems to be involved in the acid stimulation of alkaline secretion.
O Endogenous melatonin is released from the duodenal mucosa after central ner-

vous stimulation with the _1-adrenoceptor agonist phenylephrine and, further-
more, stimulates duodenal mucosal bicarbonate secretion.

O Intraarterial infusion close to the duodenum is more effective than intravenous
infusion of duodenal secretagogues and also minimizes central nervous actions
of infused drugs.

O Overnight fasting, a standard procedure in experimental studies of intestinal
function, rapidly and profoundly downregulates the responses to the duodenal
secretagogues orexin-A and bethanechol, but not to melatonin or VIP.

O A new method for isolating viable duodenal enterocytes was established. Clus-
ters consisting of 10–50 cells of either human or rat origin are more viable than
single cells and allow studies of both intracellular and intercellular signaling. 

O Melatonin increases the intracellular calcium concentration in both human and
rat duodenal enterocytes in clusters and appears to induce release of calcium
from intracellular stores as well as influx of extracellular calcium. Further, duo-
denal enterocytes seem to function as a syncytium. 
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