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ABSTRACT

The gastric mucosa is frequently exposed to endogenously secreted hydrochloric
acid of high acidity. Gastric mucosal defense mechanisms are arranged at different
levels of the gastric mucosa and must work in unison to maintain its integrity. 

In this work, several mechanisms underlying gastric mucosal resistance to strong
acid were investigated in anesthetized rats and mice. The main findings were as fol-
lows:

Only when acid secretion occurred did the pH gradient in the mucus gel with-
stand back-diffusion of luminal acid (100 mM or 155 mM HCl), and keep the juxta-
mucosal pH (pHjm) neutral. Thus, with no on-going acid secretion and low luminal
pH, the pH gradient was destroyed. 

Bicarbonate ions, produced concomitant with hydrogen ions in the parietal cells
during acid secretion and transported by the blood to the surface epithelium, were
carried transepithelially through a DIDS-sensitive transport. Prostaglandin-depen-
dent bicarbonate secretion seemed to be less important in maintaining a neutral
pHjm.

Removal of the loosely adherent mucus layer did not influence the maintenance
of the pHjm. Hence, only the firmly adherent mucus gel layer, approximately 80 µm
thick, seemed to be important for the pHjm.

Staining of the mucus gel with a pH-sensitive dye revealed that secreted acid
penetrated the mucus gel from the crypt openings toward the gastric lumen only in
restricted paths (channels). One crypt opening was attached to one channel, and the
channel was irreversibly formed during acid secretion.

Gastric mucosal blood flow increased on application of strong luminal acid (155
mM HCl). This acid-induced hyperemia involved the inducible but not the neural
isoform of nitric oxide synthase. These results suggest a novel role for iNOS in gas-
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tric mucosal protection and indicate that iNOS is constitutively expressed in the
gastric mucosa. 

INTRODUCTION

The gastric epithelium is regularly exposed to the endogenous aggressive factors
acid and degrading enzymes such as pepsin. How the stomach can resist autodiges-
tion, i.e., remain safe and sound when forming a harmful environment for bacteria
and inducing enzymatic degradation of proteins, has intrigued physiologists for cen-
turies. Dr Claude Bernard wrote in 1856 that the mucus coating the stomach ren-
dered it impermeable to the acidic gastric juice, as if it were a porcelain vase (1, 2).
The question of how it achieves this protective effect has remained unanswered
until recently. 

In addition to the harsh intrinsic environment, the stomach also faces ingested
bacteria, food and drink and sometimes also ulcerogenic drugs, and has to function
as a barrier to protect the interior from the external environment.

Acid secretion and regulation

Hydrochloric acid (HCl) is produced and secreted by the parietal cells located in the
gastric glands in the corpus part of the stomach. The acid activates the proteolytic
enzyme pepsin, creates a bacteriotoxic environment, and initiates degradation of
proteins. Histamine, gastrin and acetylcholine stimulate acid secretion and are
reported to potentiate the effects of one another (3). Histamine is secreted by the
enterochromaffin-like (ECL) cells that are present in the oxyntic glands and diffuses
to the H2 receptors located on the basolateral membrane of the parietal cells. Gastrin
is produced by the gastrin (G) cells in the antrum, and is transported to the corpus in
the systemic circulation. Gastrin stimulates acid secretion mainly by stimulating the
ECL cells to secrete histamine, although gastrin receptors (cholecystokininB;
CCKB) have also been found on the parietal cells (4). Acetylcholine is released
from the vagal nerves and activates G cells, ECL cells and parietal cells, but its effi-
cacy in stimulating acid secretion varies greatly between species and this effect in
humans is very weak. H2-receptor antagonists inhibit acid secretion, indicating that
histamine plays a key role in the stimulation of acid secretion.

When the parietal cells are activated to produce acid, intracellular tubulovesicles
are translocated to the apical membrane, thereby increasing the area of the secretory
membrane, and the transporter H+/K+-ATPase is activated. When stimulated, the
parietal cell can secrete an acid with a concentration of 155 mM, i.e., with a pH of
R0.8 (5). For every hydrogen ion formed, one bicarbonate ion is created through the
enzyme carbonic anhydrase. To prevent alkalinization of the parietal cell during
acid secretion, basolateral extrusion of bicarbonate is important. This occurs mainly
through the Cl–/HCO–

3 exchanger. The bicarbonate enters the bloodstream and can
be measured as an alkaline tide in arterial blood and in urine after a meal or hista-
mine stimulation of acid secretion (5, 6). 
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To exert its function in the gastric lumen, the acid must pass through the mucus
layer (Fig. 1). How this occurs without acidification of the mucus layer itself has
not previously been established. The hydrostatic pressure that has recently been
measured in the lumina of rat gastric glands might be the driving force for acid
transport through the mucus layer (7).  This pressure increases from approximately
12 to 17 mmHg on stimulation of acid secretion. 

Gastric mucosal defense

The defense mechanisms of the gastric mucosa are crucial for the maintenance of an
effective barrier and for preventing the stomach mucosa from digesting itself. The
defense is arranged at different levels, which work in concert for effective protection.

The preepithelial level or the first line of defense consists of the mucus layer and
bicarbonate secreted into the mucus, creating a pH gradient within the mucus.

The epithelial level consists of intercellular tight junctions and proton and bicar-
bonate transport systems.

The postepithelial level consists mainly of an effective blood flow and the gas-
trointestinal autonomic nervous system, the enteric nervous system (ENS). 

The preepithelial level

The mucus layer forms a continuous coat over the gastric epithelium. Bicarbonate is
secreted from the epithelium into the mucus layer, where it neutralizes acid that is
back-diffused from the lumen of the stomach and forms a pH gradient, with a high-
er pH at the epithelial cell surface (8, 9).
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Fig. 1. Schematic drawing of a cross-section of the gastric corpus mucosa with adhering mucus layer
and blood supply. N.B. acid must pass through the mucus to the gastric lumen.



The mucus layer

A continuous layer of mucus gel, secreted by the surface epithelial cells and the
mucous neck cells, covers the gastric mucosa. The mucus gel serves as a physical
barrier and molecules with the size of pepsin cannot penetrate through diffusion.
However, hydrogen ions are able to diffuse through the gel, although their diffusion
is approximately four times slower than that through an unstirred layer of equiva-
lent solution (10). 

The mucus consists of 5% high molecular weight glycoproteins (103 kDa) (11),
called mucins, and 95% water together with electrolytes and small amounts of lipids
and proteins, including immunoglobulins. The glycoproteins are the gel-forming
components of the mucus and consist of a protein core that has highly glycosylated
regions. The carbohydrate side chains bound to the protein vary in structure and
might influence the physical properties of the mucin. The nonglycosylated regions
of the protein core are rich in cysteine and can form inter-mucin disulfide bridges,
which create the polymeric structure of the gel by linking the mucins together. 

The surface epithelial cells secrete mucins of the MUC5AC type and the mucous
neck cells secrete MUC6 mucins. Whether the different mucins exhibit different
physical behaviors and physiological functions is still unknown. It has recently been
found possible to separate the mucus layer covering and adherent to the corpus
mucosa into two different layers, in addition to the loose mucus in the gastric lumen
(12). The most luminal of the two layers, the loosely adherent mucus, can be
removed by suction or by rubbing with a cotton tip, while the inner layer, the firmly
adherent mucus, cannot be removed by this physical means. The physical properties
and physiological importance of the different layers are unknown, as is their com-
position, and it is not known whether they differ in permeability to acid.

The thickness of the mucus layers depends on the secretion of mucins and the
degree of erosion and proteolytic degradation of the layers. Mucus secretion is stim-
ulated by agents such as prostaglandins and nitric oxide, whereas the mucus layer is
degraded by pepsin (13, 14).

Bicarbonate secretion

The surface epithelial cells secrete bicarbonate into the mucus gel. The bicarbonate
neutralizes back-diffused acid and creates a pH gradient in the mucus layer, with a
neutral pH at the cell surface when the luminal pH is low. Bicarbonate can be pro-
duced from carbon dioxide and water in the gastric mucosal surface epithelial cells
by the enzyme carbonic anhydrase (13). Furthermore, Teorell (15) demonstrated
that for each proton secreted from the parietal cell, one bicarbonate ion is released
from the basolateral membrane of the parietal cell to the capillaries of the mucosa.
The capillaries are arranged along the gastric glands and are directed toward the
surface epithelium. Thus, during acid secretion, bicarbonate will be transported by
the blood to the surface epithelium, where it will be available for transport across
the surface epithelial cells into the mucus. 

Vagal stimulation (16), prostaglandins (17, 18, 19, 20, 21), gastric distension, and
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acid in the gastric lumen all increase gastric bicarbonate secretion. Experiments in
vitro have shown that gastric bicarbonate secretion is dependent on luminal chloride
ions, indicating the presence of an apical Cl–/HCO3

– exchanger (22). However, the
route by which bicarbonate traverses the surface epithelium during acid secretion
has not yet been established.

pH gradient in the mucus gel

A millionfold proton concentration gradient can exist between the gastric lumen and
the blood, and pH gradients have been found in the mucus layer covering the gastric
mucosa by means of inserted pH-sensitive electrodes (8, 9). The gradient succeeds
in keeping the epithelial surface neutral (juxtamucosal pH, pHjm) while in the lumen
pH is 2 in both acid-secreting and non-secreting mucosae (9). 

Naturally, bicarbonate secretion is necessary for the creation of a pH gradient.
Moreover, the mucus layer is crucial for the existence of a pH gradient, since it con-
sists of an unstirred layer in which neutralization of back-diffused acid by secreted
bicarbonate can occur. In the Necturus antrum, a luminal mucus layer was shown to
be necessary for keeping the juxtamucosal and intracellular pH neutral in the pres-
ence of luminal acid (23). The existence of a pH gradient in the gastric mucus dur-
ing acid secretion is a physiological paradox, since acid, secreted into the gastric
glands, has to pass through the mucus gel to reach the gastric lumen.

The epithelial level

Gastric mucosal permeability and cellular transporters

The mucosa of the gastric corpus is a tight epithelium and under normal conditions
it is relatively impermeable to transport of luminal contents, including water. The
apical cell membrane of gastric surface epithelial cells has a low permeability to
hydrogen ions (24, 25), and the tight junctions connecting the surface cells to each
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Fig. 2. Schematic drawing of the ion transporters in the gastric surface epithelial cell.



other are even less conductive for ions than is the cellular pathway (26). The para-
cellular pathway contributes only to approximately 25% of the total tissue conduc-
tance. Cellular transporters that transport bicarbonate in a luminal direction and pro-
tons toward the buffering blood are important for the viability of the surface cells.
Ion transporters located in the gastric surface epithelial cells are illustrated in Fig. 2.
Gastric epithelial cells express the Na+/H+ exchanger NHE2 basolaterally. This
exchanger is activated when the extracellular pH increases, and might be involved
in transporting bicarbonate transcellularly (27).

The postepithelial level

Gastric mucosal blood flow

The gastric mucosal blood flow is an important part of the defense, as the circulat-
ing blood dilutes, neutralizes and carries away noxious substances that have man-
aged to overcome the more luminal barriers. The blood stream also has an important
function in transporting oxygen, nutrients and gastric hormones to the different
mucosal cell types. 

The mucosal capillaries are arranged along and in close proximity to the gastric
glands (28). This architecture is of special relevance for the oxygen-consuming
parietal cells and for the bicarbonate transport from the acid-secreting parietal cells
to the surface epithelium. At the level of the gastric epithelium, the capillaries form
a honeycomb network around the openings of the gastric pits. Hence, the distance
between the capillaries and the surface epithelial cells is minimized. Progressing
toward the gastric epithelial surface, the capillaries become increasingly fenestrated,
which facilitates transport across the capillary membrane. The capillaries empty
into collecting mucosal venules oriented perpendicular to the luminal surface. 

The gastric mucosal blood flow is regulated at the level of the submucosal arteri-
oles and is under the intricate control of the central and enteric nervous systems,
autocrine and paracrine regulation of hormones and growth factors, and mucosal
production of eicosanoids. For example, gastric hyperemia caused by mucosal acid-
ification by luminal acid and barrier-breaking substances (e.g., ethanol or sodium
taurocholate) is due to activation of sensory afferent nerves, leading to release of
calcitonin gene-related peptide (CGRP) in the vicinity of the submucosal arterioles
and generation of nitric oxide (NO) (29). Impairment of this neurally mediated
hyperemic response through disruption of the sensory afferent nerves, antagonism
of CGRP receptors, or blockade of NO synthesis, results in a significant increase in
the susceptibility of the gastric mucosa to damage (30), indicating the importance of
a sufficient mucosal blood flow for the preservation of the mucosal barrier. 

Nitric oxide and mucosal blood flow

Nitric oxide has been reported to influence different components of gastric mucosal
defense, such as mucosal blood flow, mucus secretion and mucosal permeability
(31). NO is produced together with L-citrulline from the amino acid L-arginine and
molecular oxygen under enzymatic catalysation. In mammals, three isoforms of the
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NO-synthesizing enzyme, nitric oxide synthase (NOS), encoded by different genes,
have been identified (32). The constitutively expressed enzyme is Ca2+-dependent
and can be divided into isoforms associated with neurons (nNOS, type I) and iso-
forms present in the endothelium lining the vasculature (eNOS, type III). NO pro-
duced in the endothelial cells diffuses to the underlying vascular smooth muscle
cells, where it stimulates soluble guanylate cyclase, leading to elevated cGMP lev-
els, and relaxation of the vascular smooth muscle. The inducible NOS (iNOS, type
II) is Ca2+-independent and needs a stimulus (cytokines, lipopolysaccharides) for
expression in specific cell types, e.g., macrophages, neutrophils, and endothelial
and epithelial cells. It is generally believed that the constitutively expressed iso-
forms are responsible for the normal physiological effects of NO, whereas iNOS is
activated in different pathophysiological states (31). 

The gastric mucosal surface cells have been shown to contain a large quantity of
NOS that resembles the nNOS isoform (33). The involvement of this epithelial
NOS in gastric mucosal defense has not yet been investigated. 

AIMS

The overall aim of this investigation was to further elucidate the mechanisms under-
lying gastric mucosal resistance to strong acid. More specifically, the following
questions were addressed: 

How does endogenously secreted acid penetrate the mucus gel without disrupting
the pH gradient?

Which gastric mucosal defense mechanisms are crucial for the maintenance of
the juxtamucosal pH when luminal pH is 1? 

Which NOS isoform is involved in the acid-induced hyperemia?

MATERIALS AND METHODS

The rats Male Sprague-Dawley or F1 hybrids of Lewis and DA, (150–290g) were
anesthetized with an i.p. injection of Inactin® (120 mg kg–1 bw). Spontaneous
breathing was facilitated by a short cannula placed in the trachea. 

The mice (C57BL/6×129SvEv controls or mice with a deactivated gene for iNOS
or nNOS) was induced by spontaneous inhalation of isoflurane (Forene(, Abbott
Scandinavia AB, Kista, Sweden). The inhalation gas was administered continuously
through a breathing mask (Simtec engineering) and contained a mixture of 40%
oxygen, 60% nitrogen, and R2.2% isoflurane. A cannula containing heparin (12.5
IU ml–1) dissolved in isotonic saline was placed in a carotid artery to monitor blood
pressure. Ringer’s solution was administered intravenously (1 ml h–1 (femoral vein,
rat) or 0.35 ml h–1 (jugular vein, mouse), to prevent dehydration, 120 mM NaCl, 2.5
mM KCl, 0.75 mM CaCl2 and 25 mM NaHCO3).

The body temperature was maintained at 37.5±0.5°C by means of a heating pad
controlled by a rectal thermistor. The preparation of the gastric mucosa for intravital
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microscopy has been described previously (34). Briefly, exteriorization of the
mucosa through a midline abdominal incision was followed by an incision along the
greater curvature in the forestomach. The animal was placed on a Lucite table with a
part of the corpus of the stomach loosely draped over a truncated cone in the center
of the table, with the mucosal surface facing upwards. A “mucosal chamber” with a
hole in the bottom corresponding to the position of the cone, was fitted over the
mucosa, exposing approximately 1.2 cm2 of the rat gastric mucosa and 0.28 cm2 of
the mouse mucosa through the hole. The mucosal chamber did not touch the mucosa,
in order not to impair blood flow, and the edges of the hole were sealed with silicon
grease. The chamber was filled with 5 ml (rat) or 3 ml (mouse) of unbuffered 0.9%
saline, maintained at 37°C by means of circulating warm water in a jacket in the bot-
tom of the chamber. The saline was replaced at regular intervals of 10–15 min and
titrated (Autob¸rette ABU 91) to the initial pH of the saline and is presented as
microequivalents secreted into the chamber per minute and cm2 (µEq min–1 cm–2).

The animals were allowed to rest for at least one hour after completion of the sur-
gical procedures, and the experiments were not commenced until the mean arterial
blood pressure, blood flow and acid secretion were stabilized. 

All experiments were approved by the Uppsala University Ethical Committee for
Animal Experiments. 

Juxtamucosal pH

The juxtamucosal pH was measured with hydrogen ion-selective microelectrodes,
inserted into the mucus gel at an angle of 30-40° to the mucosa by means of a
micromanipulator, and placed just above the surface epithelium under supervision
through a stereomicroscope. To investigate the importance of blood-borne bicarbon-
ate originating from the parietal cells during acid secretion, pHjm was measured in
rats during topical application of 100 mM HCl, low acid secretion (not stimulated /
ranitidine inhibited acid secretion, 1 mg kg–1, iv), stimulated acid secretion (penta-
gastrin 40 µg kg–1 h–1) or a continuous iv infusion of NaHCO3

– (5 mmol kg–1 h–1, iv).
The influence of endogenous prostaglandins on pHjm was investigated by pretreat-
ment with indomethacin (3 mg kg–1, iv). To investigate the route by which bicarbon-
ate passes through the cells, the apical Cl–/HCO3

– exchanger was inhibited with
DIDS (4,4´-diisothiocyanostilbene-2,2´-disulfonic acid, 0.5 mM luminally for 15
min) during stimulated acid secretion.The significance of the loosely adherent
mucus layer on pHjm was studied by removing this layer before luminal acid was
applied.

Glass tubing (borosilicate tubing with omega dot, OD 1.2 mm, ID 0.9 mm) was
pulled with a pipette puller (pp-83) to a tip diameter of 1–3 µm. The microelec-
trodes were siliconized at 200°C with tributylchlorosilane and stored at 100°C.
They were filled up to a distance of approximately 300 µm from the tip with a pro-
ton cocktail (hydrogen ion Ionophore II-Cocktail). The remaining part of the elec-
trode was filled with HEPES buffer at pH 7.4, connected by an Ag/AgCl wire to a
dual differential electrometer with a high input impedance (FD223), and put in a
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pipette holder (MEH3SF 1.2). The reference electrode was filled with 3 M KCl,
connected by an Ag/AgCl wire to the ground of the electrometer, and placed in the
saline covering the gastric mucosa. To eliminate electrical disturbances, the experi-
ments were performed in a Faraday cage.

The electrodes were calibrated before and after the experiments in iso-osmolar
solutions (310 mOsm) with a pH of 1.5–8 at 37°C. 

Mucosal permeability 

Mucosal permeability of the corpus mucosa during topical application of 100 or 155
mM HCl, was determined by measuring the clearance of 51chromium-labeled EDTA
(51Cr-EDTA) from blood to gastric lumen (35). The technique appears to provide a
highly reproducible measure of mucosal integrity and has the advantage that each
animal can serve as its own control (36, 37, 38). In control rats, pentagastrin or
impromidine (histamin H2 receptor agonist) acid secretion stimulated rats (40 µg
kg–1 h–1 or 500 µg kg–1 h–1 respectively) or rats receiving continuous infusion of
NaHCO3

– (5 mmol kg–1 h–1, iv), 50–75 µCi 51Cr-EDTA was injected as a bolus dose
(0.5 ml), followed by a continuous intravenous infusion of 51Cr-EDTA (10–30 µCi
ml–1 in the Ringer solution) at a rate of 1.0 ml h–1. Four 0.2 ml blood samples were
drawn during the experiment at intervals of approximately 30 min. After each blood
sample withdrawal, the blood volume loss was compensated for by injection of a
10% Ficoll 400 solution in saline. The blood sample was centrifuged and 50 µl of
the plasma was removed for measurements of radioactivity (counts per minute,
cpm). The gastric mucosa was covered with isotonic saline, which was replaced
every 15 min. The luminal solution and the blood plasma were analyzed for 51Cr
activity in a gamma counter (1282 Compugamma CS). In each experiment the vari-
ous 51Cr-EDTA activities in blood plasma were plotted against time and a straight
line was drawn between the two nearest values. Each clearance value was calculat-
ed by dividing each individual effluent cpm value by a corresponding plasma cpm
value. Clearance was calculated as: 

Clearance =
lumen sample (cpm ml–1) × sample volume (ml) ×100

plasma (cpm ml–1) × tissue weight (g) × time (min)

and is expressed as ml min–1 100 g–1 wet tissue weight.

Blood flow measurements

Laser-Doppler flowmetry (LDF, Periflux Pf 2, Pf3 or Pf 4001) was used for blood
flow measurements. The laser light is guided to the tissue by an optical fiber (stan-
dard probe, diameter = 0.7 mm) and the backscattered light picked up by a pair of
fibers of the same size. With this technique blood flow is determined as a voltage
output or perfusion units. Blood flow was recorded continuously throughout the
experiments from the mucosal side of the stomach, with the probe 0.5–1 mm above
the surface in the saline solution. Validation of the accuracy of the LDF technique
for the gastrointestinal application has been performed earlier (39). To investigate if
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the effect of luminal acid (HCl 100 mM or 155 mM) on mucosal blood flow was
dependent on acid secretory state / blood-borne bicarbonate, LDF was measured in
rats with low acid secretion, stimulated acid secretion (pentagastrin, 40 µg kg–1 h–1

or impromidine, 500 µg kg–1 h–1) or low acid secretion with continuous infusion of
NaHCO3

– (5 mmol kg–1 h–1, iv). To investigate the role of endogenous NO produc-
tion in this hyperemia, and to clarify which NOS that was involved, rats received 10
mg kg–1 i.v. bolus followed by 3 mg kg–1 h–1 continuous iv infusion of L-NNA (N�-
nitro-L-arginine, unspecific NOS inhibitor), L-NIL (L-N6-(1-iminoethyl)-lysine,
specific iNOS inhibitor) and SMTC (S-methyl-L-thiocitrulline, specific nNOS
inhibitor). The influence of topical application of 155 mM HCl on mucosal blood
flow was also investigated in control mice or genetically manipulated mice with
inactivated gene for either iNOS or nNOS.

Visualization of acidic channels in the mucus gel

A camera (Canon Ftb, with film Kodak Ektachrome 320T) was connected to the
stereomicroscope (Leica MZ12) and the gastric mucosa was transilluminated with
light from a 150 W light source guided by fiberoptics. The pH-sensitive dye Congo
red (1 mM, blue below pH 3 and red above pH 5.2), was applied topically to stain
the mucus gel in control rats, acid secretion stimulated rats (pentagastrin 40 µg kg–1

h–1 iv), acid secretion partly inhibited (omeprazole 400 µmol kg–1 bg daily for seven
consecutive days) and acid secretion completely inhibited (omeprazole 200 µmol
kg–1 bg every 8th hour for seven consecutive days). Thirty minutes after application,
the Congo red was rinsed off and replaced by saline. 

Interactions between Congo red and samples of the two different mucus layers
were investigated by spectrophotometric measurements (Lambda 2) at 500 nm. 

Real-time RT-PCR

RNA was isolated from scrapings of the mouse gastric mucosa (iNOS+/+ or –/–) to
investigate if iNOS expression was detectable and possibly upregulated by anesthe-
sia, surgery or luminal acid (HCl, 155 mM). cDNA synthesis was performed with
the Reverse Transcription System. The LightCycler FastStart DNA Master SYBR
Green I was used for quantitative analyses of the generated cDNA. Calculations
were performed as follows: The CT represents the PCR cycle at which an increase
in fluorescence above a baseline signal can be detected. The CT value was used to
calculate the amount of PCR product in comparison with the internal control,
G6PDH. The CT value for G6PDH was subtracted from the iNOS CT value to
obtain the mean S-CT in each experimental group.

Statistical analysis

The results are expressed as means ± SE. For statistical evaluations of differences
between data within a group, analysis of variance (ANOVA) for repeated measures
was used, while ANOVA for multiple comparisons was performed when comparing
data between groups. ANOVA was followed by Fisher’s protected least-significant
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difference test. Differences in pHjm within the same group and between groups of
animals were evaluated statistically by analysis of variance in medians (Mann-
Whitney test). To compare single values, Student’s t-test for paired or unpaired data
was used. All statistical calculations were performed with the software Statview
II™ SE Graphics (Abacus Concepts Inc). The differences were regarded as signifi-
cant if p<0.05.

RESULTS AND DISCUSSION

The gastric mucosa is continuously exposed to high acidities and requires efficient
defense mechanisms working in unison for its preservation. The ambition with the
present studies was to increase the understanding of how the gastric mucosa is able
to resist the strong luminal acid to which it is exposed on a regular basis. More
specifically, pre- (juxtamucosal pH, mucus layer, acid and bicarbonate transport),
and postepithelial defense mechanisms (mucosal blood flow), as well as the perme-
ability of the gastric mucosa, were investigated. 

What is the pH at the epithelial cell surface during acid secretion and 
exposure to strong luminal acid?

A mucus layer wherein a pH gradient can be formed covers the entire gastric
mucosa. The pH gradient protects the gastric mucosa against back-diffusing acid
from the lumen. Earlier studies of the pH gradient and the pH at the gastric epithelial
cell surface (pHjm) were generally conducted in a non-acid-secreting situation, and a
total collapse of the gradient was observed when the luminal pH decreased below 1.4
(8, 40). However, luminal acidity is a result of endogenous acid secretion, and inves-
tigation of the pH gradient during stimulation of acid secretion therefore seems high-
ly relevant. In addition, acid secretion has been found to have a protective effect on
mucosal resistance against luminal acid, since a smaller fall in potential difference
was found in acid-secreting than in non-acid-secreting mucosae following topical
application of acid (41). Results from our laboratory showed the existence of a pH
gradient during acid secretion in the presence of luminal acid at pH 2 (9). 

Acid secretion is stimulated by the smell of food or even by thinking of food (the
cephalic phase, vagus activation). During the cephalic phase, the stomach might be
empty, with no luminal contents to buffer the produced acid, resulting in a dramatic
drop of luminal pH. In addition, in between meals, the gastric lumen pH can be very
low, even though acid secretion is not stimulated (42). We mimicked these condi-
tions and applied acid with a pH of 1 luminally in control rats and in rats in which
acid secretion was inhibited or stimulated (43, 44). We found that in the control rats,
with low acid secretion, pHjm decreased significantly to approximately 1.6±0.2 dur-
ing application of luminal pH 1 (Fig. 3). When acid secretion was inhibited with
ranitidine and HCl at pH 1 was applied topically, a similar drop of pHjm to 2.2±0.5
was observed (not shown in the figure). In both situations, pHjm returned to neutrali-
ty when the acid was changed to saline, which is not consistent with initiation of a
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sustained injury of the mucosa. However, during pentagastrin-stimulated acid secre-
tion the pH of the gastric epithelial cell surface was neutral even when HCl in a
concentration of 100 mM was applied topically (Fig. 3). It seems reasonable to con-
clude that ongoing acid secretion is a prerequisite for preservation of a functional
intra-mucus pH gradient in the presence of luminal pH 1 and that a blood-borne
alkaline tide provides the gastric epithelium with the HCO3

– needed for preservation
of a neutral pHjm.

Bicarbonate transport

Bicarbonate needs to be persistently secreted from the surface epithelial cells to
meet and neutralize back-diffused acid. Gastric bicarbonate secretion is difficult to
measure during acid secretion, since the set-up has to be CO2 impermeable. Because
of this inconvenience, bicarbonate secretion in the stomach has most often been
measured during inhibition of acid secretion. In the studies presented here bicarbon-
ate secretion was estimated indirectly by measuring the pHjm at the epithelial cell
surface in both acid-secreting and non-secreting mucosae.

The alkaline tide

When acid secretion is stimulated, the blood passing the parietal cells on its way to
the surface epithelium is alkalinized by bicarbonate. The arrangement of the capil-
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Fig. 3. Juxtamucosal pH before topical application of 100 mM HCl, in the presence of this acid, and
after its removal in rats with low acid secretion �, stimulated acid secretion � or low acid secretion
and i.v. infusion of NaHCO3 �. Values are means ± SE of 5-min periods.



laries along the gastric glands is optimal for transporting this alkaline tide. As dis-
cussed earlier, we found that on-going acid secretion is required for preservation of
a neutral pHjm in the presence of luminal pH 1, indicating that the blood-borne
bicarbonate is important for neutralization of back-diffused acid in the mucus. In
accordance with this finding, Kivilaakso (45) reported that iv infusion of NaHCO3
causing high-HCO3

– metabolic alkalosis significantly decreased the incidence of
acid-induced mucosal injury. Respiratory alkalosis of similar degree had no protec-
tive effect against luminal acid, indicating that it is HCO3

– and not the alkalinity per
se that is important. 

When HCO3
– was infused intravenously in rats with no ongoing acid secretion,

pHjm was only slightly reduced by topical application of acid at pH 1 (Fig. 3). The
above results confirm that blood-delivered bicarbonate is involved in preserving the
pH gradient during acid secretion. However, the pH gradient was not as efficient as
in the acid-secreting groups, probably because the HCO3

– concentration was not as
high as it is locally in the mucosal capillaries during endogenous acid secretion. In
dogs, the concentration of arterial bicarbonate increased by 5 mM after feeding
(46), and the local concentration of bicarbonate in the gastric mucosa must be much
higher. However, the basal pHjm before application of luminal acid was independent
of the acid secretory status, indicating that the alkaline tide per se did not stimulate
a basal bicarbonate secretion (43, 44). 

Prostaglandin-stimulated bicarbonate secretion

How important is the prostaglandin-dependent bicarbonate secretion for the mainte-
nance of pHjm? When acid secretion and prostaglandin synthesis were both inhibit-
ed, we found that the pH at the cell surface was slightly reduced in the control situa-
tion before acid was applied in the lumen (43). However, after topical application of
HCl (155 mM), inhibition of prostaglandin synthesis did not further reduce pHjm,
whether acid secretion was stimulated or inhibited. It is possible that the strong acid
that penetrates down to the surface epithelial cells when acid secretion is inhibited
conceals a small fraction of bicarbonate secretion that is prostaglandin-dependent.
These results indicate that gastric prostaglandin-dependent bicarbonate secretion is
involved in basal bicarbonate secretion when no acid secretion occurs, but does not
seem to be important in neutralizing back-diffused acid during acid secretion. 

DIDS-sensitive bicarbonate transport

Our results convincingly show that the pH gradient is better preserved in an acid-
secreting stomach than in a resting one (43, 44). Thus, during endogenous acid
secretion the gastric microcirculation supplies the surface epithelial cells with the
bicarbonate needed for juxtamucosal neutralization. When DIDS had been applied
luminally and acid secretion stimulated with pentagastrin, pHjm decreased dramati-
cally when HCl at pH 1 was applied topically in the lumen (to pH 1.4, Fig. 4) (43).
This indicates that bicarbonate is transported through a DIDS-sensitive mechanism.
Experiments in vitro have shown that gastric bicarbonate secretion is dependent on
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luminal chloride ions, indicating the presence of an apical Cl–/HCO3
– exchanger

(22). Bicarbonate has been reported to enter the surface epithelial cells basolaterally
in cotransport with sodium (47, 48). DIDS is an inhibitor of the Cl–/HCO3

– exchang-
er as well as of Na+/HCO3

– cotransport. In the parietal cell, a basolateral Cl-/HCO3
–

exchanger has been found and inhibition of this transporter inhibited acid secretion
(49). Since the acid secretion was not reduced after DIDS treatment, no major
amount of the inhibitor appeared to have entered the circulation. Thus, DIDS
applied luminally to the gastric mucosa probably mainly inhibited the apical
Cl–/HCO3

– transporter in the surface epithelial cells. However, it is also possible that
DIDS might influence the paracellular transport of HCO3

–, which normally is very
restricted (13). 

How important are the mucus layers?

As early as in 1856 Claude Bernard stressed the importance of the mucus covering
the gastric mucosa in the defense against the acidic gastric juice. Today we know
that the mucus layer covers the gastric mucosa as a continuous coat (11), and it is
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Fig. 4. Juxtamucosal pH before topical application of 100 mM HCl, in the presence of this acid, and
after its removal in pentagastrin � and pentagastrin plus DIDS � treated groups. Values are means ±
SE of 5-min periods (except for the first 5 min after acid application, during which one 1-min period
followed by two 2-min periods were used).



believed that it contributes to the preepithelial defense mechanisms in different
ways. The pH gradient that has been demonstrated in the mucus layer is probably
dependent on the unstirred layer created within the mucus itself, in addition to
secreted bicarbonate, neutralizing back-diffused acid (8, 9). It has been difficult his-
tologically to study the mucus, since it easily becomes dehydrated and eroded dur-
ing the preparation. In our in vivo model, we have previously observed two separate
mucus layers covering the gastric mucosa, a loosely adherent layer that is easily
removed by suction, and a layer that firmly adheres to the gastric epithelium (12).
The latter layer cannot be removed by suction or rubbed off with a cotton tip. The
thicknesses of the different layers can be measured with micropipettes inserted into
the mucus. With this method the total mucus thickness (loosely adherent plus firmly
adherent) was found to be 189±11 µm and the thickness of the firmly adherent layer
(measured directly after removal of the loosely adherent layer) was 80±5 µm (12).
An increase in thickness is a normal defensive response to luminal insult, and it is
generally believed that the thicker the mucus, the better the protection (11). 

How removal of the loosely adherent mucus layer influenced pHjm in the pres-
ence of HCl, pH 1, in the lumen was investigated (43). The results clearly show that
the loosely adherent layer is of minor importance in maintaining the pHjm, since
removal of this mucus layer caused no further changes of pHjm, compared to the
control group. This seems plausible, since the loosely adherent layer most probably
is removed from the mucosal surface by ingested food, which also stimulates acid
secretion. One function of the loosely adherent layer might be to lubricate food par-
ticles and bind bacteria. In earlier experiments in which the pH gradient was mea-
sured through the entire mucus layer (firmly and loosely adherent), the depth of this
gradient in the mucus during acid secretion (R100 µm closest to the epithelial sur-
face, luminal pH 2 or 3) was found to correspond quite well with the thickness of
the firmly adherent mucus layer (9, 12, 52). This supports the finding from the pre-
sent study that the loosely adherent layer is not important for preserving a pH gradi-
ent. The only situation where we found that the loosely adherent layer influenced
pHjm was when both acid secretion and prostaglandin synthesis were inhibited (43).
Under these conditions removal of the loosely adherent mucus layer resulted in a
slower recovery to a neutral pH after application of luminal acid. This could indi-
cate that in a non-acid secretion situation, prostaglandin-stimulated bicarbonate
secretion contributes to neutralization of back-diffused acid. However, we have
found that the thickness of the inner firmly adherent mucus layer is increased after
topical treatment with PGE2, and correspondingly decreased after pretreatment with
indomethacin (52). Hence, the remainder of the firmly adherent mucus layer is per-
haps too thin to establish an efficient neutralization zone for acid and bicarbonate.
Further studies are required to elucidate the importance of the thickness of the firm-
ly adherent mucus layer in maintaining the pHjm.

On the basis of these results, the simplified assumption that the thicker the mucus
layer, the better the protection needs to be revised and efforts should be directed
toward understanding the regulation and contents of the firmly adherent mucus layer. 
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How is acid transported through gastric mucus?

Acid is secreted into the lumen of the gastric glands and has to pass through the
mucus layer to reach the gastric lumen. Since we invariably found a neutral or
slightly alkaline pH at the epithelial cell surface during acid secretion, the acid must
have penetrated the mucus layer from the site of production to the lumen of the
stomach without acidifying the epithelial cell surface. Thus, unrestricted diffusion
as a major acid transport mechanism can be ruled out. 

In a previous study, acidic spots in the mucus gel during acid secretion were
observed after staining the mucus with the pH-sensitive dye Congo red (blue, pH<3;
red, pH>5.2) (53). We have now for the first time identified channels for transport
of acid through the mucus layer covering the gastric mucosa after staining the
mucus with Congo red (Fig. 5) (54). This treatment revealed blue-colored crypt
openings with attached thread-like channels with an outer diameter of 5–7 µm in the
mucus during acid secretion. These channels are most probably created by high
intraglandular pressure (7), pushing acid and mucus from the gland lumen into the
firmly adherent mucus layer and leaving a path with a structure different from that
of the surrounding gel. The existence of channels transporting glandular secretions
to the gastric lumen would also explain how the large molecules pepsinogen/pepsin
and intrinsic factor traverse the mucus layer, since diffusion is restricted for mole-
cules of their size (11, 13). 

A channel occasionally became attached to the micropipette and could be pulled
out of the mucus layer, indicating that the wall of the channel has a firm configura-
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Fig. 5. Blue colored crypt openings with attached channels in the mucus covering an acid secreting
gastric mucosa seen from above.



tion (54). After the mucus had been stained with Congo red, the channels, could be
seen to be pushed in front of the microelectrode or moved sideways. In accordance
with these observations, we have in all our measurements of pH gradients and pHjm
only once been able to penetrate a channel with a microelectrode and record a low
pH during acid secretion (9, 43, 44). The structure of the channel wall is not known.
However, in the corpus part of the stomach, as discussed above, two cell types
secreting different mucins have been identified, surface mucous cells and mucous
neck cells (MUC5AC and MUC6, respectively) (50, 51). The two types of mucins
differ considerably in their histochemical properties (50). In absorbance experi-
ments on samples of the different mucus layers, we found that Congo red interacted
significantly more with the loosely adherent layer than with the firmly adherent one
(54). In addition, Congo red was concentrated at the channel structures or adhered
to the channels, irrespective of the state of acid secretion. Thus we hypothesize that
the loosely adherent mucus layer and the channel wall consist mainly of the same
mucins and that mucus from mucous neck cells is pushed out from the crypts
through the channels, forming the loosely adherent layer. In addition, the channel in
itself might consist of mucus from the mucous neck cells. Until proper antibodies
directed toward the protein core of the rat mucins become available, this question
remains speculative.

Studies of acid transport through the mucus have been conducted by many
researchers for several decades and resulted in various explanatory models.
Schreiber and Scheid (55) suggested a model for transport of protons from the gland
to the lumen, where acid was bound to and buffered by the mucus in the glands and
was then transported together with the continuously formed mucus toward the
lumen. In their model, pepsinogen was also transported within the mucus layer, and
when converted into pepsin should degrade the mucus and release the acid. Their
model is based upon the acid secretion rate in vitro, which is much lower than the
acid secretion measured in vivo (56), and an unrealistically high mucus secretion
would therefore be required for buffering and binding secreted acid. Further studies
performed by Chu et al. (57) suggested that acid diffuses from its site of secretion
toward the lumen since, with an inverted confocal microscope and pH sensitive
dyes, they found a reversed pH gradient with pH 5 in the lumen and pH 3.5 at the
cell surface during pentagastrin stimulation. 

When acid is injected under pressure into mucus in vitro (58), a phenomenon
called viscous fingering occurs provided the mucus has a pH above 4. This is a
process in which a fluid of lower viscosity, injected into one of higher viscosity, pen-
etrates rather than displaces the stationary solution. Translated into our model, where
we have found a high pressure in the gastric glands (7) and a neutral pH in the mucus
at the epithelial cell surface (9, 43, 44), the channels we have observed in vivo could
represent the viscous fingers demonstrated earlier in vitro. Bhaskar et al. (59) have
also found an increase in mucus viscosity as the pH was lowered, which was
reversed when the pH increased. However, our channels seem to be independent of
pH, as they are irreversible structures also observed when no acid secretion occurs.
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Influence of luminal acid on gastric mucosal blood flow and 
mucosal permeability

We found that when acid secretion was not stimulated, topical application of HCl,
pH 1, resulted in a 75% blood flow increase and a threefold increase in mucosal
permeability (44).  Compared to the baseline value, the blood flow was still signifi-
cantly higher 20 minutes after the luminal acid had been changed to saline. When
NaHCO3 was given i.v. or acid secretion was stimulated with pentagastrin or impro-
midine, the gastric mucosal blood flow was only increased 25–35% by topical
application of HCl, pH 1, and the increase was reversed as soon as the luminal acid
was changed to saline. The mucosal permeability was not altered by topical applica-
tion of HCl, pH 1, in these groups. Again, blood-borne bicarbonate seemed to be
vital in the mucosal protection against luminal acid. Combined with the results of
the pHjm measurements, these findings indicate that when the concentration of the
luminal acid overcomes the bicarbonate secretion needed for neutralization of the
acid in the mucus gel, the epithelial surface becomes acidified and hydrogen ions
can diffuse into the mucosa as the gastric permeability increases. The increase in
mucosal blood flow was significantly greater when low pHjm and increased perme-
ability were detected. 

Earlier studies have shown that, in combination with a barrier-breaking substance
(e.g., ethanol or sodium taurocholate), acid increases the gastric mucosal blood flow
and causes hemorrhagic lesions when applied luminally to the gastric mucosa (29,
60). The mechanism underlying this acid-induced gastric mucosal hyperemia
involves activation of sensory afferent nerves, leading to release of CGRP in the
vicinity of the submucosal arterioles (29). CGRP acts on the vascular endothelium
lining these vessels, resulting in generation of NO (30). NO diffuses to the underly-
ing vascular smooth muscle cells, where it stimulates soluble guanylate cyclase,
leading to elevated cGMP levels and relaxation of the vascular smooth muscle. This
increase in gastric blood flow can be blocked with a non-selective NOS inhibitor
(61). In addition, impairment of the neurally mediated hyperemic response through
disruption of the sensory afferent nerves, antagonism of CGRP receptors, or block-
ade of NO synthesis, results in a significant increase in the susceptibility of the gas-
tric mucosa to damage (29, 61, 62). We found that the gastric mucosal blood flow
was increased by luminal acid alone, without the addition of a barrier-breaker. This
hyperemia was greater when no acid secretion occurred. Whether the mechanism
underlying this acid-induced hyperemia also involves CGRP-releasing nerves is not
known. How these nerves are activated to release CGRP when no mucosal acidifi-
cation takes place is also unknown. 

The role of inducible NOS in the gastric hyperemia in response to luminal acid

We found that iNOS is involved in the gastric hyperemia occurring in response to
luminal acid and that iNOS has a protective role in the gastric defense in this con-
text (63). Our results demonstrated that application of luminal acid (HCl, 155 mM)
on the gastric mucosa caused a hyperemia that was blocked in iNOS –/– mice (Fig.
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6) and by selective inhibition of iNOS (L-NIL treated rats). The hyperemia in
response to luminal acid was not altered in nNOS –/– mice or by selective inhibi-
tion of nNOS (SMTC treated rats). Earlier studies have failed to reveal the presence
of iNOS in the gastric mucosa under normal conditions (33, 64). However, using
real-time RT-PCR in mouse gastric mucosa we found iNOS mRNA expression at a
level not influenced by anesthesia, preparation of the gastric mucosa, or luminal
acid (63). These results indicate the possibility of posttranscriptional regulation of
iNOS activity that differs from the regulation occurring in macrophages. Interest-
ingly, iNOS has been found to exist in a constitutive way (or to be constantly
induced) in other organ systems that are exposed to the exterior, and therefore
would function as an effective barrier inhibiting the entrance of unwanted agents
into the system. In the epithelial cells of the respiratory tract (in airways and
paranasal sinuses) (65, 66), the high levels of tonic expression of iNOS and NO
production have special relevance for airway defense mechanisms (67, 68). iNOS is
also expressed in a seemingly constitutive way under normal conditions in the
esophageal epithelium (69), in parts of the small intestine (duodeneum and ileum)
(70, 62), and in occasional patches in the colon (71), and is possibly involved in the
mucosal defense. The constant presence of iNOS in these organ systems may reflect
the regular challenge by for example bacteria, viruses and fungi. 

CONCLUSION

In summary, the resistance of the gastric mucosa to strong acid is dependent on a
network of defense mechanisms cooperating at different levels. A neutral pHjm is
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Fig 6. Gastric mucosal blood flow (LDF%) in control mice (+/+, n=6) and iNOS knockout mice (–/–,
n=6) presented as percent of control period, time 15–20 min. HCl (155 mM) was applied luminally.
Values are expressed as mean ± SE. * p<0.05 compared with the control period before acid applica-
tion.



dependent on the alkaline tide supplying a sufficient amount of bicarbonate and
probably also by a firmly adherent mucus layer. Acid secretion is transported in
restricted channels through the mucus, enabling pHjm to remain neutral even during
ongoing acid secretion. Luminal acid increases gastric mucosal blood flow through
iNOS activation.

ACKNOWLEDGEMENTS

The author expresses her sincere gratitude to Professor Lena Holm, who supervised
this work, the other coauthors for fruitful collaboration and Annika Jägare for excel-
lent technical assistance. This work was supported by grants fromMedical Faculty,
Uppsala University, Swedish Research Council (08646, 08273, 03522), Astra
Hässle AB, Swedish Parmaceutical Society, Swedish Society ro Medical Research.

REFERENCES

1. Bernard, C.: Leçons de Physiologie expérimentale appliquée à la medicine. Paris, Ballière, 1856.
2. LaMont, J.T.: Unlocking the secrets of a porcelain vase. Gastroenterology, 119: 1397–1401, 2000.
3. Helander, H.F.: Physiology and pharmacology of the parietal cell. Bailliér’s Clin Gastroenterol 2:

539–554, 1988.
4. Kopin, A.S., Lee, Y., McBride, E.W., Miller, L.J., Lu, M., Lin, H.Y., Kolakowski, L.F. Jr & Bein-

born, M.: Expression Cloning and Characterization of the Canine Parietal Cell Gastrin Receptor.
Proc. Natl. Acad. Sci. USA. April 15; 89 (8): 3605–3609, 1992.

5. Niv, Y. & Fraser, G.M.: The alkaline tide phenomenon. J Clin Gastroenterol 35:5–8, 2002.
6. Rune, S.J.: The metabolic alkalosis following aspiration of gastric acid secretion. Scand J Clin

Lab Invest 17: 305–310, 1965.
7. Holm, L., Agren, J. & Persson, A.E.: Stimulation of acid secretion increases the gastric gland

luminal pressure in the rat. Gastroenterology 103: 1797–1803, 1992.
8. Ross, I.N., Bahari, H.M.M. & Turnberg, L.A.: The pH gradient across mucus adherent to rat

fundic mucosa in vivo and the effect of potential damaging agents. Gastroenterology 81: 713–718,
1981.

9. Schade, C., Flemström, G. & Holm, L.: Hydrogen ion concentration in the mucus layer on top of
acid-stimulated and -inhibited rat gastric mucosa. Gastroenterology 107: 180–188, 1994.

10. Williams, S.E. & Turnberg, L.A.: Retardation of acid diffusion by pig gastric mucus: A potential
role in mucosal protection. Gastroenterology 79: 299–304, 1980.

11. Allen, A.: Gastrointestinal mucus. In: Handbook of Physiology: The gastrointestinal system. (ed.
J.G. Forte), pp. 359–382. Baltimore: Waverly Press Inc, 1989.

12. Atuma, C., Strugala, V., Allen, A. & Holm, L.: The adherent gastrointestinal mucus gel layer:
Thickness and physical state in vivo. Am J Physiol Gastrointestinal Liver Physiol 280: G922–
G929, 2001.

13. Allen, A., Flemström, G., Garner, A. & Kivilaakso, E.: Gastroduodenal mucosal protection. Phys-
iol Rev 73: 823–857, 1993.

14. Brown, J.F., Hanson, P.J. & Whittle, B.J.: Nitric oxide donors increase mucus gel thickness in rat
stomach. Eur J Pharmacol 223: 103–104, 1992.

15. Teorell, T:. The acid-base balance of the secreting isolated gastric mucosa. J. Physiol. 114: 267–
276, 1951.

16. Forssell, H., Stenquist, B. & Olbe, L.: Vagal stimulation of human gastric bicarbonate secretion.
Gastroenterology 89: 581–586, 1985.

17. Flemström, G.: Gastric and duodenal mucosal secretion of bicarbonate. Physiology of the gas-
trointestinal tract. (ed. L.R. Johnson), pp. 1285–1309. Raven, New York, 1994.

18. Forssell, H., Lind, T. & Olbe, L.: Comparative potency of carbachol, sham feeding, fundic disten-

20



sion and 16,16-dimethyl prostaglandin E2 as stimulants of human gastric bicarbonate secretion.
Acta Physiol Scand 134: 75–78, 1988.

19. Garner, A. & Heylings, J.R.: Stimulation of alkaline secretion in amphibian-isolated gastric
mucosa by 16,16-dimethyl PGE2 and PGF2 alpha. A proposed explanation for some of the cyto-
protective actions of prostaglandins. Gastroenterology 76: 497–503, 1979.

20. Rees, W.D.W., Gibbons, L.C. & Turnberg, L.A.: Alkali secretion by isolated rabbit gastric
mucosa: effects of non-steroidal anti-inflammatory drugs and prostaglandins. Scand J Gastroen-
terol 19: 63–68, 1984. 

21. Takeuchi, K., Yagi, K., Kato, S. & Ukawa, H.: Roles of prostaglandin E-receptor subtypes in gas-
tric and duodenal bicarbonate secretion in rats. Gastroenterology 113: 1553–1559, 1997.

22. Flemström, G.: Cl– dependence of HCO3
– transport in frog gastric mucosa. Upsala J Med Sci 85:

303-309, 1980.
23. Kiviluoto, T., Ahonen, M., Bäck, N., Häppölä, O., Mustonen, H., Paimela, H. & Kivilaakso, E.:

Preepithelial mucus-HCO3
– layer protects against intracellular acidosis in acid-exposed gastric

mucosa. Am J Physiol Gastrointestinal Liver Physiol. 264: G57-G63, 1993.
24. Ashley, S.W., Soybel, D.I., Moore, C.D. & Cheung, L.Y.: Intracellular pH (pHi) in gastric surface

epithelium is more susceptible to serosal than mucosal acidification Surgery 102: 371–379, 1987.
25. Kivilaakso, E. & Kiviluoto, T.: Intracellular pH in isolated Necturus antral mucosa in simulated

ulcerogenic conditions. Gastroenterology 95: 1198–1205, 1988.
26. Hirst, B.H.: The gastric mucosal barrier. In: Forte JG, ed. Handbook of physiology: The gastroin-

testinal system vol 3, section 6. Am Physiol Soc, Baltimore: Waverly Press Inc:279–308, 1989.
27. Shull, G.E., Miller, M.L. & Schultheis, P.J.: Lessons from genetically engineered animal mod-

els.VIII. Absorption and secretion of ions in the gastrointestinal tract. Am J Physiol Gastrointesti-
nal Liver Physiol 278: G185–G190, 2000.

28. Gannon, B., Browning, J. & O’Brien, P.: The microvascular architecture of the glandular mucosa
of rat stomach. J Anat 135: 667–683, 1982.

29. Li, D.S., Raybould, H.E., Quintero, E. & Guth, P.H.: Calcitonin gene-related peptide mediates the
gastric hyperemic response to acid back-diffusion. Gastroenterology 102: 1124–1128, 1992.

30. Holzer, P.: Neural emergency system in the stomach. Gastroenterology 114:823–839, 1998.
31. Wallace, J.L. & Miller, M.J.S.: Nitric oxide in mucosal defense: A little goes a long way. Gas-

troenterology 119: 512–520, 2000.
32. Knowles, R.G. & Moncada, S.: Nitric oxide synthases in mammals. Biochem J 298: 249–258,

1994.
33. Price, K.J., Hanson, P.J. & Whittle, B.J.R.: Localization of constitutive isoforms of nitric oxide

synthase in the gastric glandular mucosa of the rat. Cell Tissue Res 285: 157–163, 1996.
34. Holm-Rutili, L. & Öbrink, K.J.: Rat gastric mucosal microcirculation in vivo. Am J Physiol Gas-

trointestinal Liver Physiol .248: G741–G746, 1985.
35. Nylander, O., Kvietys, P.R. & Granger, D.N.: Effects of hydrochloric acid on duodenal and jeju-

nal mucosal permeability in the rat. Am. J. Physiol Gastrointestinal Liver Physiol. 257: G653–
G660, 1989.

36. Bjarnason, I., Smethurst, P., Levi, A.J. & Peters, T.J.: Intestinal permeability to 51Cr-EDTA in rats
with experimental induced enteropathy. Gut 26: 579–585, 1985.

37. Crissinger, K.D., Kvietys, P.R. & Granger, D.N.: Pathophysiology of gastrointestinal mucosal
permeability. J. Int. Med. 228 Suppl 1: 145–154, 1990.

38. Hall, E.J., Batt, R.M. & Brown, A.: Assessment of canine intestinal permeability using 51Cr-
labelled ethylenediaminetetraacetate. Am. J. Vet. Res. 50: 2069–2074, 1989.

39. Ahn, H., Lindhagen, J., Nilsson, G.E., Salerud, E.G., Jodal, M. & Lundgren, O.: Evaluation of
laser Doppler flowmetry in the assessment of intestinal blood flow in cat. Gastroenterology 88:
951–957, 1985.

40. Patronella, C.K., Vanek, I. & Bowen, J.C.: In vivo measurement of gastric mucus pH in canines:
Effect of high luminal acidity and prostaglandin E2. Gastroenterology 95: 612–618, 1988.

41. O’Brien, P. & Silen, W.: Influence of secretory state on gastric mucosal tolerance to back diffu-
sion of H+. Gastroenterology 71: 760–765, 1976.

42. Teyssen, S., Chari, S.T., Scheid, J. & Singer, M.V.: Effect of repeated boluses of intravenous
omeprazole and primed infusions of ranitidine on 24-hour intragastric pH in healthy human sub-
jects. Dig Dis Sci 40: 247–255, 1995.

21



43. Phillipson, M., Atuma, C., Henriksnäs, J. & Holm, L.: The importance of mucus layers and bicar-
bonate transport in preservation of gastric juxtamucosal pH. Am J Physiol Gastrointest Liver
Physiol 282: G211–G219, 2002.

44. Synnerstad, I., Johansson, M., Nylander, O. & Holm, L.: Intraluminal acid and gastric mucosal
integrity: The importance of blood-borne bicarbonate. Am J Physiol Gastrointestinal Liver Physiol
280: G138–G146, 2001.

45. Kivilaakso, E.: High plasma HCO3
– protects gastric mucosa against acute ulceration in the rat.

Gastroenterology 81: 921–7, 1981.
46. Ozaki, J., Tanimoto, N., Kuse, H. & Hori, M.: Comparison of arterial blood gases and acid-base

balance in young and aged beagle dogs, with regard to postprandial alkaline tide. Toxicol Sci; 25:
205–211, 2000.

47. Curci, S., Debellis, L., Caroppo, R. & Frömter, E.: Model of bicarbonate secretion by resting frog
stomach fundus mucosa. I. Transepithelial measurements. Pflügers Arch 428: 648–654, 1994.

48. Rossmann, H., Bachmann, O., Vieillard-Baron, D., Gregor, M. & Seidler, U.: Na+/HCO3
–-co trans-

port and expression of NBC1 and NBC2 in rabbit gastric parietal and mucous cells. Gastroenterol-
ogy 116: 1389–1398, 1999.

49. Horie, S., Yano, S. & Watanabe, K.: Effects of drugs acting on Cl–-HCO3
– and Na+-H+ exchangers

on acid secretion in the rat gastric mucosa sheet preparation. Pflügers Arch 229: 15–19, 1992.
50. Ota, H., Katsuyama, T., Ishii, K., Nakayama, J., Shiozawa, T. & Tsukahara Y.: A dual staining

method for identifying mucins of different gastric epithelial mucous cells. Histochem J 23: 22–28,
1991.

51. Van Klinken, B.J.W., Dekker, J., Büller, H.A., de Bolòs, C. & Einerhand, A.W.C.: Biosynthesis
of mucins (MUC2-6) along the longitudinal axis of the human gastrointestinal tract. Am J Physiol
273: G296–G302, 1997.

52. Johansson, M. & Holm, L.: Effects of prostaglandins on the two different gastric mucus layers in
the anesthetized rat (Abstract). Pflügers Arch 435 (suppl) 1998.

53. Holm, L. & Flemström, G.: Microscopy of acid transport at the gastric surface in vivo. J Intern
Med Suppl 732:91–95,1990.

54. Johansson, M., Synnerstad, I. & Holm, L.: Acid transport through channels in the mucous layer of
rat stomach.Gastroenterology 119:1297–1304, 2000.

55. Schreiber, S. & Scheid, P.: Gastric mucus of the guinea pig: proton carrier and diffusion barrier.
Am J Physiol Gastrointestinal Liver Physiol 272: G63–G70, 1997.

56. Batzri, S., Harmon, J.W., Dubois, A., Moskowitz, D., Weichbrod, R. & Rich, N.M.: A new in
vivo method for repeatedly studying gastric acid secretion and other secretory parameters in
awake guinea pig. J Surg Res 43:398–406,1986.

57. Chu, S., Tanaka, S., Kaunitz, J. & Montrose, M.: Dynamic regulation of gastric surface pH by
luminal pH. J Clin Invest 103: 605–612, 1999.

58. Bhaskar, K.R., Garik, P., Turner, B.S., Bradley, J.D., Bansil, R., Stanley, H.E. & LaMont, J.T.:
Viscous fingering of HCl through gastric mucin. Nature 360: 458–461, 1992.

59. Bhaskar, K.R., Gong, D.H., Bansil, R., Pajevic, S., Hamilton, J.A., Turner, B.S. & LaMont, J.T.:
Profound increase in viscosity and aggregation of pig gastric mucin at low pH. Am J Physiol Gas-
trointestinal Liver Physiol 261: G827–G832, 1991.

60. Barreto, J.C., Smith, G.S., Russell, D.H. & Miller, T.A.: Gastric damage caused by acidified
ethanol: role of molecular HCl. Am J Physiol Gastrointestinal Liver Physiol. 265: G133–G137,
1993.

61. Lippe, I.T. & Holzer, P.: Participation of endothelium-derived nitric oxide but not prostacyclin in
the gastric mucosal hyperaemia due to acid back-diffusion. Br J Pharmacol 105:708–714, 1992.

62. Holm, M., Powell, T., Casselbrant, A., Johansson, B. & Fändriks, L.: Dynamic involvement of the
inducible type of nitric oxide synthase in acid-induced duodenal mucosal alkaline secretion in the
rat. Dig Dis Sci 46:1765–1771, 2001.

63. Phillipson, M., Henriksnäs, J., Holstad, M., Sandler, S. & Holm, L.: Inducible Nitric Oxide Syn-
thase is involved in acid induced gastric hyperemia in rats and mice. Am J Physiol Gastrointest
Liver Physiol 85: G154–G162, 2003.

64. Konturek, P.C., Brzozowski, T., Sliwowski, Z., Pajdo, R., Stachura, J., Hahn, E.G. & Konturek,
S.J.: Involvement of nitric oxide and prostaglandins in gastroprotection induced by bacterial
lipopolysaccharide. Scand J Gastroenterol 33: 691–700, 1998.

22



65. Guo, F.H., De Raeve, H.R., Rice, T.W., Stuehr, D.J., Thunnissen, F.B.J.M. & Erzurum, S.C.:
Continuous nitric oxide synthesis by inducible nitric oxide synthase in normal human airway
epithelium in vivo. Proc Natl Acad Sci 92: 7809–7813, 1995.

66. Lundberg, J.O.N., Farkas-Szallasi, T., Weitzberg, E., Rinder, J., Lidholm, J., Änggård, A., Hök-
fält, T., Lundberg, J.M. & Alving, K.: High nitric oxide production in human paranasal sinuses.
Nature Medicine 1: 370–373, 1995.

67. Jain, B., Rubinstein, I., Robbins, R.A., Leise, K.L. & Sisson, J.H.: Modulation of airway epithelial
cell ciliary beat frequency by nitric oxide. J Biochem Biophys Res Commun 191: 83–88, 1993.

68. Schmidt, H.H.H.W. & Walter, U.: NO at work. Cell 78; 919–925, 1994.
69. Casselbrant, A., Pettersson, A., Ruth, M., Bove, M., Lundell, L. & Fändriks, L.: Sources of intra-

oesophagal nitric oxide production following intraluminal acid exposure. Scand J Gastroenterol
37: 631–637, 2002.

70. Hoffman, R.A., Zhang, G., N¸ssler, N.C., Gleixner, S.L., Ford, H.R., Simmons, R.L. & Watkins,
S.C.: Constitutive expression of inducible nitric oxide synthase in the mouse ileal mucosa. Am J
Physiol Gastrointestinal Liver Physiol. 272: G383–G392, 1997.

71. McCafferty, D.M., Miampamba, M., Sihota, E., Sharkey, K.A. & Kubes, P.: Role of inducible
nitric oxide synthase in trinitrobenzene sulphonic acid induced colitis in mice. Gut 45: 864–873,
1999.

About The Author
Mia Phillipson received the Israel Hwasser award
from the Uppsala Medical Association for the best
dissertation in basic medicine in the academic year
2002/2003. She is at present carrying out her post-
doctoral training at the Department of Medical Cell
Biology, Division of Integrative Physiology, Uppsala
University.

Adress for reprints: Mia Phillipson PhD 
Department of Medical Cell Biology 
Division of Integrative Physiology 
P.O. Box 571 
751 23 Uppsala
Sweden
e-mail: Mia.Phillipson@medcellbiol.uu.se

23


