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Abstract
Sedin, J. 2013. Prevention of Postoperative Duodenal Ileus by COX-2 Inhibition Improves
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Abdominal surgery inhibits gastrointestinal motility, a phenomenon referred to as postoperative
ileus. Since the postoperative ileus disturbs duodenal physiology it is important to minimize
the side effects of this condition. Recent experiments in our laboratory show that treatment of
anaesthetised rats with parecoxib, a selective cyclooxygenase-2 inhibitor, prevents duodenal
postoperative ileus, increases duodenal mucosal bicarbonate secretion and improves other
functions as well. One aim of the thesis was to investigate whether removal of luminal
chloride affect the parecoxib- and the vasoactive intestinal peptide (VIP)-induced stimulation of
duodenal mucosal bicarbonate secretion. The proximal duodenum of anaesthetised Dark Agouti
rats was perfused with isotonic solutions containing zero or low Cl- and the effect on luminal
alkalinisation determined. The basal as well as the parecoxib-induced increase in alkalinisation,
but not that stimulated by VIP, were markedly reduced in the absence of luminal Cl-.

One important function of the duodenum is to adjust luminal osmolality towards that in
the blood. It is believed that the adjustment of osmolality in the duodenum is achieved
by osmosis and diffusion of electrolytes along their concentration gradients and that these
processes occur predominately paracellularly. Another aim of the thesis was to examine whether
prevention of postoperative ileus affects the duodenal response to luminal hypertonicity. The
proximal duodenum of anaesthetised Dark Agouti and Sprague-Dawley rats were perfused
with hypertonic solutions of different composition and osmolality and the effects on duodenal
motility, alkaline secretion, transepithelial fluid flux, mucosal permeability and the adjustment
of luminal osmolality were determined in absence and presence of parecoxib.

It is concluded that COX-2 inhibition increases duodenal mucosal bicarbonate secretion
by stimulating apical Cl-/HCO3

- exchange in duodenocytes. Furthermore, pretreatment of
anaesthetised rats with parecoxib improves a number of duodenal functions in both rat strains
that contribute to improve the ability to adjust luminal osmolality. The choice of rat strain is
another important feature to consider when interpreting the results because the DA strain was
more responsive to luminal hypertonicity than the SD strain. Finally, several evidences are
provided to suggest that the adjustment of luminal osmolality in the rat duodenum is a regulated
process.
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i.p. Intraperitoneal 
IPAN Intrinsic primary afferent neuron 
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iNOS Inducible nitric oxide synthase 
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Introduction 

The majority of the general population likely envisions the gastrointestinal 
(GI) tract as a long tube that extends from the mouth to the anus, through 
which food is digested and absorbed. It is true that the primary function of 
the GI tract is to digest and absorb nutrients, but the GI tract is far more so-
phisticated than a simple food processor. In addition to food and drink, the 
mucosa of the GI tract is regularly exposed to a variety of harmful entities. 
Glands in the stomach produce a mixture of strong acid and proteolytic en-
zymes that is capable of injuring the mucosa in the upper GI tract. Likewise, 
bile acids produced in the liver and enzymes secreted by the pancreas may 
cause injury under certain conditions. Various types of bacteria and poten-
tially noxious substances may enter the digestive system with food and 
drink, thereby causing mucosal damage and inflammation. Still another po-
tential threat to mucosal integrity is the osmolality of the luminal content, 
which may vary from almost zero when drinking large volumes of water to 
over 1500 mOsm kg-1 H2O in the case of highly seasoned food (Thompson & 
Wingate 1988). To provide defence against potentially harmful substances 
and microorganisms in the lumen, the GI tract is capable of sensing and re-
sponding to such environmental challenges. To accomplish the goal of mu-
cosal protection, the GI tract makes use of an intrinsic nervous system and a 
variety of humoral factors that are released from entero-endocrine cells. Fur-
thermore, in close proximity to the enteric neurons and the entero-endocrine 
cells lies the gut-associated lymphoid tissue (GALT), i.e., the gut immune 
system, which contains 70-80% of the body’s immune cells. Taken together, 
the GI tract is a collection of many different organs, each with its own spe-
cific physiological function, that interact in an extremely complex manner to 
achieve the goals of food digestion and absorption, as well as mucosal pro-
tection.  

Morphology of the small intestine 
The small intestine runs between the stomach and the large intestine, that is, 
from the pylorus to the colic valve, or the ileocecal junction in rats. It is di-
visible into three parts: the duodenum, the jejunum and the ileum. The small 
intestine is approximately 6 meters long in humans and 1 meter in rats 
(Miller 1971, Hasler 2006). The wall of the small intestine consists of four 
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tissue layers, including the mucosa, submucosa, muscularis externa and se-
rosa (Fig. 1). The intestinal mucosa can be further subdivided into three dis-
tinct layers. The deepest layer is a 3-10 cell-thick layer of smooth muscle 
that separates the mucosa from the submucosa and the muscularis mucosa, 
the function of which is poorly understood. The middle layer, the lamina 
propria, is a continuous connective tissue space that forms the core connect-
ing tissue of the villi and surrounds the crypt of Lieberkühn. The lamina 
propria contains unmyelinated nerve fibres, blood and lymph vessels, as well 
as a large amount of immunologically important cells. The third layer is a 
continuous, one cell-thick sheet of columnar epithelial cells that make up the 
villous and the crypt epithelium, whose apical membranes face the lumen.  

 
Figure 1. Light micrograph of the rat duodenum showing the different tissue layers 
of the duodenal wall. Magnification is approximately x150. (From Sommansson, A. 
and Sjöblom, M., by permission.) 

 
The major function of the villous epithelium is the absorption of nutrients, 
electrolytes and water. To increase the absorptive surface of the small intes-
tine, the mucosa is folded and consists of finger-like extensions called villi 
that increase the surface area 7- to 14-fold. Furthermore, each absorptive cell 
on the villous epithelium contains many closely packed microvilli on their 
apical membranes, thereby increasing the apical surface 14- to 40-fold. The 
most commonly found epithelial cells in the villous epithelium are absorp-
tive enterocytes, mucus-secreting goblet cells and enteroendocrine cells. The 
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intestinal crypts are monoclonal, deriving from a single stem cell, and each 
mature crypt contains 4 to 16 anchored multipotent stem cells that serve as 
precursors for all intestinal epithelial cells (Madara & Trier 1994). Although 
the crypts are approximately 10 times smaller than the villi, they are 6-10 
times more numerous. Important cell types in the crypts include the mucus-
secreting goblet cells, enteroendocrine cells and Paneth cells, which are 
known to be important in immunity and host-defence (Masuda et al. 2011, 
Clevers & Bevins 2013). In general, crypt cells are considered to have pri-
marily secretory functions, whereas the villi cells are considered to serve 
absorptive functions. 

The enteric nervous system 
The GI tract has an extensive intrinsic nervous system, termed the enteric 
nervous system (ENS). The total number of enteric neurons in the human is 
400-600 million, which is approximately equal to the number of neurons in 
the spinal cord. Due to its sheer size and complexity, the ENS is commonly 
referred to as “the second brain”. ENS can control multiple functions of the 
GI tract, e.g., local blood flow, motility, secretion and possibly absorption, 
as well as immune and inflammatory responses that arise independent of the 
central nervous system (CNS). The ENS, however, is not entirely autono-
mous and is considered a subdivision of the autonomic nervous system. Neu-
ronal control of gastrointestinal functions is a coordinated interplay between 
local enteric reflexes, reflexes that pass through sympathetic ganglia and 
reflexes that pass from the gut and back through the CNS. Approximately 20 
functional classes of neurons and 25 different possible neurotransmitters 
have been identified in the ENS (Furness 2006). Roughly, the enteric neu-
rons can be divided into three groups based on their primary functions: in-
trinsic primary afferent neurons (IPAN), interneurons and secretomo-
tor/motor neurons. All enteric nerve cell bodies are organised in the follow-
ing two major ganglionated plexuses that extend the entire length of the GI 
tract: the myenteric (Auerbach’s) plexus, which lies between the longitudinal 
and circular muscle layers, and the submucosal (Meissner’s) plexus that is 
situated between the submucosa and the circular muscle layer. The ENS can 
execute specific programs that are stored by interneuron microcircuits and 
perform actions independent of the CNS. These so-called reflex functions 
are carried out by coordinated activity in excitatory and inhibitory secreto-
motor/motor neurons, e.g., peristaltic retropulsion (vomiting), migrating 
motor complex (MMC) and physiological ileus. The CNS also innervates the 
ENS by both afferent and efferent pathways. The former are the basis for 
sensations originating in the gut, particularly pain, but also convey non-
painful sensations such as fullness, bloating, and nausea. In contrast, efferent 
connections provide parasympathetic and sympathetic innervation that helps 
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control and coordinate the distinct regions of the GI tract across different 
situations. For example, increased sympathetic activity to the gut normally 
inhibits GI motility, whereas the smell and sight of food stimulates gastric 
secretion through increased parasympathetic activity. 

A vast number of neurotransmitters have been identified in the ENS. 
Among these, the following neurotransmitters have been shown to perform 
important functions in the GI tract: acetylcholine (ACh), a primary neuro-
transmitter in motor- and interneurons that stimulates GI motility and in-
creases secretion; vasoactive intestinal peptide (VIP), a neuropeptide that 
stimulates intestinal and pancreatic HCO3

- secretion and inhibits GI motility; 
somatostatin, a peptide hormone that has inhibitory effects on GI functions; 
substance P, a common excitatory transmitter in IPANs; ATP, a nucleotide 
acting on purinergic receptors; nitric oxide (NO), a diatomic gas and a sig-
nalling molecule that relaxes smooth muscle and dilates blood vessels; and 
serotonin (5-HT), an important neurotransmitter in the ENS that is also re-
leased from enterochromaffin cells (EC-cells). 

Mucosal protection 
Although the primary function of the small intestine is to digest and absorb 
nutrients, it also must hinder the absorption of potentially harmful substances 
that may be present in the lumen. The duodenum, approximately 25 cm long 
in humans and approximately 10 cm in rats, is the first segment of the small 
intestine. The duodenum is regularly exposed to chyme expelled from the 
stomach and juices from the liver and pancreas. The constituents in the lu-
minal fluid vary greatly with regard to the H+ concentration, osmolality, bile 
salts, pancreatic enzymes, fat, proteins and carbohydrates. The duodenal 
epithelium is also exposed to various microorganisms present in drink and 
food and potentially in alcohol and pharmaceutical drugs. In addition to its 
important function in digestion and absorption, the duodenum also functions 
as a sensory organ to monitor the various constituents in the luminal content 
(Akiba & Kaunitz 2011, Flemström & Sjöblom, Furness et al. 1999). To 
achieve this important task, there are "sensory" cells in the duodenal epithe-
lium that detect the composition of the luminal content, including the EC-
cells. An important paracrine factor produced by the EC-cell is serotonin. 
Upon its release into the interstitium, serotonin activates peripheral nerve 
endings of IPANs and primary vagal afferents. Signals are then transmitted 
to other parts of the GI tract or to the brain to coordinate the behaviour of 
various GI functions, such as gastric emptying, acid secretion and intestinal 
motility (Hellström et al. 2006, Furness et al. 1999). 

The duodenal epithelium, combined with the adherent mucous layer 
(Atuma et al. 2001), functions as a barrier between the external environment 
of the lumen and the internal environment of the body. Furthermore, the 
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intestinal mucosa features a wide array of protective mechanisms, including 
mucosal bicarbonate secretion (Flemstrom & Isenberg 2001), mucus secre-
tion (Allen & Flemström 2005), secretory immunoglobulins and defensins 
(Magnusson & Stjernstrom 1982, Eckmann 2005, Dann & Eckmann 2007). 
These mechanisms neutralise and immobilise potentially noxious agents or 
microorganisms present in the lumen. Moreover, the activation of specific 
motor programs, e.g., power propulsion, provides a means to dispose of sub-
stances that provoke the GI mucosa (Stotzer et al. 1996, Jones & Wessinger 
2006). Impairment in any of these protective mechanisms could increase the 
susceptibility of the intestine to disturbances in mucosal integrity, which 
may subsequently lead to a loss of normal transport and inflammation due to 
tissue damage, antigen exposure and bacterial overgrowth (Ma & Anderson 
2006).  

Duodenal alkaline secretion 
The stomach secretes, more or less continuously, a juice that contains an 
extremely high concentration of hydrochloric acid and the proteolytic en-
zyme pepsin. In excess, the gastric juice poses a potential threat to the integ-
rity of the oesophageal, gastric and duodenal mucosa. Alkaline juices secret-
ed from the liver, pancreas and the duodenal epithelium neutralise the acid 
that is discharged from the stomach into the duodenum. The secretion of 
HCO3

- from the duodenal epithelium achieves the neutralisation of the acid 
in the proximal duodenum (Allen & Flemström 2005). Interestingly, proxi-
mal duodenal mucosal bicarbonate secretion is lower in patients with duode-
nal ulcers than in healthy individuals, suggesting that this secretion has an 
important mucosal protective function (Isenberg et al. 1987). Luminal alka-
linisation during basal conditions is achieved primarily by bicarbonate efflux 
via apical Cl-/HCO3

- exchangers, such as SLC26A6 or putative anion trans-
porter 1 (Pat-1) and SLC26A3 or downregulated in adenoma (DRA), where-
as cyclic adenosine monophosphate (cAMP)-stimulated bicarbonate secre-
tion is dependent on the cystic fibrosis transmembrane conductance regulator 
(CFTR) (Seidler & Sjöblom 2012). 

Small intestinal motility 
Gut motility is essential to maintain adequate functioning of the GI system. 
The small intestine receives and processes the contents emptied from the 
stomach, and it transports the non-soluble carbohydrates and other indiges-
tive residues to the colon for storage and subsequent elimination from the 
body. Intestinal motility is a complex physiological process that involves 
highly coordinated activities integrating mixing and propulsion. ENS con-
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tains a library of programs for specific motility patterns that adapt the bowel 
for a specific condition, e.g., digestive state, inflammation, infectious agents 
or food allergens. One fundamental characteristic of the intestinal smooth 
muscle cells is their ability to contract spontaneously. Intestinal smooth 
muscles are electrically active with resting membrane potentials of -40 to -80 
mV, which are maintained by Na+/K+ ATPase (Hasler 2006). Spontaneous 
rhythmic contractions are initiated by periodic membrane depolarisations, 
i.e., slow waves (Daniel et al. 1960, Bortoff 1965) oscillating at 11 to 12 
cycles/min in the human duodenum (Hasler 2006). Slow waves are produced 
by the interstitial cells of Cajal (ICC), which are specialised pacemaker cells 
that generate slow waves by producing spontaneous inward currents (e.g., 
pacemaker currents) (Thomsen et al. 1998, Koh et al. 1998). ICC form a 
network of cells between the circular and the longitudinal muscle layers, and 
they maintain close contact with smooth muscle cells through gap junctions 
(Komuro 2006) (Fig 2). The ICC network is distributed throughout the GI 
tract and is closely associated with enteric nerves. The close relationship 
between ICC and enteric nerves is believed to reflect the important function 
of ICC as neuro-mediators that modulate inhibitory and excitatory signals 
from the ENS to the smooth muscles (Sanders 1996, Burns et al. 1996). 
However, it is noteworthy that not all investigators share this hypothesis 
(Goyal & Chaudhury 2010, Lee et al. 2009).  

 
Figure 2. A schematic illustration of the interstitial cells of Cajal, i.e., the pacemak-
er cells of the gut, is shown. The ICC-network is in close contact with both the 
smooth muscle cells and the enteric nervous system. 

 

ICC-network 
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The frequency and propagation of rhythmic contractions are controlled by 
the slow waves. In most cases, the slow waves are too small to initiate a 
contraction. Increasing the duration and amplitude of the slow-wave plateau, 
e.g., by neurohumoral stimuli or excitatory agonists, will induce spike poten-
tials, i.e., real action potentials. The number of spike potentials and the dura-
tion of spike potential bursts per slow wave determine the contractile force 
of the smooth muscle contraction (Bass & Wiley 1965b, Bass & Wiley 
1965a). At basal conditions, the spontaneous rhythmic contractions are sup-
pressed by a predominantly inhibitory neural input (physiological ileus). The 
removal of both the excitatory and inhibitory innervation reveals the myo-
genic activity, i.e., the intrinsic rhythm of spontaneous contractions deter-
mined by the frequency of the slow waves (Biber & Fara 1973, Wood 1972).  

There are at least two types of motility patterns in the GI tract, including 
the fed and the fasting patterns. During the fasting state, most mammals, 
including man and rat (Fleckenstein 1978, Rukebusch & Fioramonti 1975), 
display a cyclic motility pattern characterised by long periods of quiescence 
(phase I) followed by irregular contractions (phase II), which grow into 
bursts of intense contractions (phase III) (Hasler 2006). This well-defined 
pattern is called the migrating motor complex (MMC), also known as the 
“intestinal housekeeper” or the “housekeeper wave” that propels residual 
contents, dead cells and intestinal microbes towards the colon (Szurszewski 
1969). It starts in the antrum of the stomach or in the duodenum and then 
migrates caudally to terminate in the ileum, as a new MMC starts in the 
stomach. In rats, MMC occurs at 10-15 min intervals, whereas in humans, 
MMC occurs at 100 min intervals (Bueno et al. 1978, Kerlin & Phillips 
1982). Intake of food immediately disrupts the MMC, which is replaced by a 
fed pattern of intermittent phasic contractions. The purpose of these motility 
patterns is to improve the mixing of ingested food with intestinal fluid, mu-
cus and enzymes and to propel the chyme further down the intestine (Hasler 
2006). 
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Figure 3. Photographs of the duodenal segment captured during the different phases 
of interdigestive motility. Photo A represents the quiescent phase 1, where virtually 
no contractions are seen. Photo B shows low-amplitude peristaltic contractions usu-
ally seen after phase 1. Photo C shows high-amplitude contractions that extend over 
the entire duodenal segment, phase III contractions. Note the decrease in circumfer-
ence during circular smooth muscles contractions (red arrows). All photographs are 
obtained from the same animal during the perfusion of the duodenum with isotonic 
saline. 
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Prostanoids & postoperative ileus 
Prostanoids are synthesised in tissues by the enzymes cyclooxygenase-1 
(COX-1) and cyclooxygenase-2 (COX-2). COX-1 is constitutively expressed 
in nearly all cells and is important in the regulation of various physiological 
processes (Vane et al. 1998). Initially, it was believed that the COX-2 iso-
form was absent in normal tissue and only induced in response to injury and 
inflammation. However, it now appears that many organs and tissues, such 
as the brain and the kidneys, also express the COX-2 isoform during physio-
logical conditions (Warner & Mitchell 2004). Nevertheless, the COX-2 iso-
form constitutes an important element of the body’s alarm system that is 
activated in response to mechanical injury and inflammation.  

Practically every patient undergoing abdominal surgery, even if the ma-
nipulation of the gut is minimal, will develop a transient period of impaired 
gastrointestinal motor activity. This common clinical condition is referred to 
as postoperative ileus (POI). The pathophysiological mechanism of POI can 
be divided into two phases, including a fast neurogenic phase and a pro-
longed inflammatory phase (Fig 4).  

 
Figure 4. An illustration of the two phases involved in postoperative ileus in man. 
(Illustration drawn by author modified from Boeckxstaens 2009, by permission.)  

 

Stretching and manipulation of the gut tissue during surgery activate inhibi-
tory neural pathways, most likely via the stimulation of presynaptic α2-
adrenoceptors present on cholinergic neurons (Lomax et al. 2010). The re-
sulting inhibition of smooth muscle activity in the gut wall resolves shortly 
after closure of the abdomen. A few hours after surgery, a progressive mo-
lecular inflammatory response infiltrates the muscularis externa that results 
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in a more protracted and extensive phase of ileus. The recruitment of in-
flammatory cells is enhanced by the secretion of pro-inflammatory cytokines 
and the upregulation of prostanoids and nitric oxide (NO) through inducible 
nitric oxide synthase (iNOS) and COX-2 (Josephs et al. 1999, Boeckxstaens 
& de Jonge 2009, Bauer & Boeckxstaens 2004, Korolkiewicz et al. 2003, 
Schwarz et al. 2001)(Fig. 5).  

 
Figure 5. A schematic illustration of the proposed mechanism involved in the late 
inflammatory phase of postoperative ileus is shown. Tissue damage-activated resi-
dent macrophages release inflammatory cytokines and chemokines leading to an 
upregulation of endothelial adhesion molecules, which attracts leucocytes to invade 
the intestinal wall. Leucocytes and resident macrophages then produce large 
amounts of nitric oxide (NO) and prostaglandins (PGs) by the upregulation of iNOS 
and COX-2, leading to increased sensitivity and activity of spinal afferents that 
impair smooth muscle cell activity and further contributes to the progress of postop-
erative ileus. ICAM-1: intercellular adhesion molecule-1 and LFA-1: lymphocyte 
function-associated antigen-1. (Illustration drawn by author modified from 
Boeckxstaens 2009, by permission.) 

 
POI constitutes a major problem for the investigator who intends to assess 
the “normal” physiology of the GI tract in anesthetised animals in vivo. Giv-
en that motility is essential for the function of the GI tract, the absence of 
peristaltic contractions for an extended period of time denotes a pathophys-
iological condition. There is reason to believe that other important physio-
logical functions are also affected. The outcome of restored duodenal motili-
ty on general duodenal function in anesthetised rats subjected to abdominal 
surgery is thoroughly discussed in a recent review by Nylander (Nylander 
2011). 
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Intestinal permeability 
As discussed earlier, one important function of the GI tract is to provide an 
anatomical-physical barrier between the external and internal environments 
of the body. There are two routes for the transport of water, ions and organic 
molecules across the small intestinal epithelium, including through the cells, 
i.e., transcellularly, or between the cells, i.e., paracellularly. Transcellular 
transport of non-lipophilic molecules is dependent on membrane carriers, 
pumps or channels that often require external energy (e.g., ATP). Paracellu-
lar transport, in contrast to transcellular transport, is thought to be a passive 
process driven by electrochemical, osmotic and hydrostatic pressure gradi-
ents across the mucosa. Paracellular transport is limited by apical junction 
complexes, i.e., zona occludens or tight junctions (TJ). TJ are created by a 
series of intercellular junctions at the apical end of the lateral cell surface 
(Ma & Anderson 2006, Madara & Trier 1994). The protein composition of 
the TJ is remarkably complex and involves at least 40 different proteins 
(Anderson & Van Itallie 2009). Amongst these proteins, four have been rec-
ognised to exert direct effects on the barrier functions of the TJ, including 
occludin (Furuse et al. 1993), claudin (Furuse et al. 1998), tricelluin 
(Ikenouchi et al. 2005) and marvelD3 (Steed et al. 2009). Based on their 
barrier-forming properties, the claudins are further divided into the following 
three families: barrier builders, permeability mediators and claudins with 
unclear functions (Amasheh et al. 2011).  

One commonly used parameter for epithelial barrier function in vitro is 
the epithelial electrical resistance. Based on this electrical parameter, an 
epithelium is classified as leaky, moderately tight or tight (Powell 1981). 
The tight epithelia, e.g., epithelia of the urinary bladder, are characterised by 
relatively large spontaneous transepithelial potential differences (PD) when 
mounted in an Ussing chamber. In contrast, leaky epithelia, such as the gall 
bladder and small intestine, are characterised by very low PDs. Because 
plasma membrane resistances are generally high and comparable, it is the 
variation in TJ resistance and distribution that determine the leakiness of the 
epithelium. The barrier properties along the proximal-distal axis of the small 
intestine and the crypt-villous axis of the mucosa correlates well with the 
localisation and expression of claudins, both in vitro and in vivo (Markov et 
al., Rahner et al. 2001, Fihn et al. 2000). Accordingly, the duodenal epithe-
lium may be viewed as a heteroporous membrane with paracellular pores of 
different sizes, including localisation with a tighter epithelium at the tip of 
the villous and a more leaky one at the base of the villous and in the crypts. 
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Small intestinal water transport 
Although approximately 7.5 L of fluid is absorbed by the small intestine 
every day, the mechanism by which water is transported across the intestinal 
epithelia remains unresolved (Thiagarajah 2012). Both transcellular and 
paracellular transport have been postulated as the dominant routes for water 
flux across the small intestinal epithelium. For a long time, the prevailing 
dogma has been that the bulk transport of water occurs between the cells 
through osmosis and that the transport of solutes follows the flow of water 
by solvent drag. However, in recent years, the involvement of specific water 
channels in the bidirectional transport of water in the small intestine has 
been extensively studied. Several aquaporins are expressed in the small in-
testine, both in the apical and basolateral sides, as well as in the microvessels 
underneath the epithelial cells (Laforenza 2012). Furthermore, sugar trans-
porters, such as the facilitated glucose transporter 2 (GLUT2) and the sodi-
um/glucose cotransporter 1 (SGLT1), have been demonstrated to function as 
water channels that are dependent on osmotic gradients in the absence of 
sugars; however, these transporters also appear to be independent of osmotic 
pressure when sugars are present in the lumen (Loo et al. 2002, Zeuthen et 
al. 2007). As a result, the significance of these water channels in the global 
transport of water within the small intestine remains controversial. Several 
theories regarding the mechanisms of intestinal water transport have been 
proposed. The models in favour for the transcellular pathway include the 
following: 1) the standing osmotic gradient, an extended model of the Cur-
ran-Machintosh three-compartment model of fluid transport, developed by 
Diamond and Bosset (Diamond & Bossert 1967, Curran 1960, Curran & 
Macintosh 1962); 2) the molecular water pump model by Loo et al., in which 
water is co-transported via the sodium/glucose cotransporter 1 (Loo et al. 
1996, Zeuthen et al. 1997, Loo et al. 1999); and 3) the countercurrent multi-
plier of NaCl in the small-intestinal villi (Jodal et al. 1978, Hallback et al. 
1978, Hallback et al. 1991). In contrast, the mechanisms in favour for the 
paracellular route consist of the following: the electroosmotic coupling with-
in the TJ (Fischbarg et al. 2006) and the osmosensor feedback model (Hill & 
Shachar-Hill 2006).  

Intestinal absorption of glucose and sodium 
In the small intestine’s transcellular absorption of nutrients, e.g., glucose, are 
highly dependent of Na+-driven transporters. Thus, the luminal concentration 
of Na+ is essential for an adequate absorption of nutrients along the small 
intestine. To maintain the luminal Na+-homeostasis, Na+ is supplied by con-
tinuous transport from the submucosa. However, the mechanisms for this 
transport are poorly understood. Recent research in knockout mice has 
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demonstrated that a significant degree of the blood-to-lumen transport of Na+ 
is paracellular and highly dependent on TJ that contains both claudin-2 and 
claudin-15 (Wada et al. 2012).  

The main part of intestinal glucose absorption is assumed to take place by 
the transcellular route, although some data in rodents suggests that paracellu-
lar transport contributes as well (Pappenheimer & Reiss 1987). Polar mole-
cules, such as digested monosaccharides, cannot cross the lipophilic plasma 
membrane of the enterocyte on their own and are dependent on transport 
proteins. There are two classes of specific sugar transport proteins in the 
apical and basolateral membranes of the enterocytes (Fig. 4), including the 
following: sodium/glucose cotransporters (SGLT of the SLC5 gene family) 
and facilitated glucose transporters (GLUTs of the SLC2 gene family). The 
digestion and absorption of sugars is a highly effective process that is gener-
ally complete by the time the chyme reaches the distal aspect of the jejunum 
(Wright et al. 2006, Wright & Loo 2000) 

The daily luminal load of water and sodium in the GI tract of an adult 
human is approximately ~9 L and 800 mEq, respectively. A healthy gut is 
capable of absorbing 98% of this load. Sodium enters the enterocyte primari-
ly through electroneutral transport via the sodium-hydrogen exchanger 3 
(NHE3) and through cotransport with amino acids and glucose, with the 
latter transport executed by the SGLT-1. In the distal colon, Na+ absorption 
is mediated mainly via ENaC, the epithelial sodium channel, which is an 
electrogenic transport. 

Duodenal osmoregulation 
Based on its bioelectric characteristics, the small intestinal epithelium is 
classified as leaky (Fromter & Diamond 1972, Schultz 1977, Powell 1981). 
Tight junctions of leaky epithelia are relatively permeable to small and me-
dium-sized molecules, e.g., water, inorganic ions and small non-electrolytes, 
and these junctions provide the main route for passive ion permeation 
(Fisher 1955). Therefore, it is generally assumed that the adjustment of lu-
minal osmolality occurs almost entirely by passive transport of water and 
solutes through the paracellular pathways, driven by osmotic, hydrostatic 
and electrical gradients across the mucosa (Turnberg et al. 1970, Kedem & 
Katchalsky 1961, Fordtran et al. 1965, Naftalin & Tripathi 1985, Burleigh & 
Banks 2007). Furthermore, intestinal osmoregulation is assumed to be a rap-
id process that primarily takes place in the first part of the small intestine, 
i.e., the duodenum and proximal jejunum (Field 2003). There are two basic 
mechanisms by which the intestinal epithelium can adjust luminal hyper- or 
hypo-tonicity, including the movement of water and the movement of solutes 
(Hindle & Code 1962). A hypertonic solution, once ingested, will undergo 
rapid osmotic equilibration by quenching water from the vascular compart-
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ment and by absorbing solutes along their concentration gradient (Field 
1981, Fromter & Diamond 1972). 

 
Figure 6. A model for intestinal glucose transport is shown. When the luminal glu-
cose concentration is low, glucose is primarily transported across the apical mem-
brane by SGLT1, driven by a downhill sodium gradient maintained by the action of 
basolateral Na+/K+ ATPase. When the luminal glucose concentration is high the 
facilitative glucose transporter GLUT2 is translocated to the apical membrane (1.) 
contributing to the total sugar absorption (Kellett & Helliwell 2000, Affleck et al. 
2003). Alternatively, as proposed by Pappenheimer and Reiss, activation of SGLT1 
increases the osmolality of the intercellular spaces creating an osmotic force for 
fluid absorption and triggers widening of tight junctions, thus promoting bulk ab-
sorption of glucose by solvent drag (2.). Glucose, galactose and fructose accumulat-
ed within the cell exit across the basolateral membrane via GLUT2. Glucose is also 
transported by glucose 6-phosphate into intracellular vesicles that exits the cell by 
exocytosis. 
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Aims of the thesis 

Despite the absence of a universal mechanism for intestinal water transport 
and the controversy regarding specific routes (e.g., the paracellular or the 
transcellular) that enable water movement across the intestinal mucosa, 
physiology textbooks generally describe the intestinal osmoregulation as a 
passive process. This assumption is primarily based on the acclaimed leaki-
ness of the small intestinal epithelium, which would enable water and elec-
trolytes to move across the mucosa paracellularly. The overall aim of this 
study was to reveal new insight into the physiological processes by which 
the duodenum regulates luminal hypertonicity in anaesthetised rats.  

The specific aims of this study included the following: 
 
Study I 

• To use an in vivo duodenal perfusion model to evaluate the 
effects of Cl--free solutions on basal duodenal luminal alka-
linisation, transepithelial net fluid flux and mucosal permea-
bility in the absence and presence of COX-2 inhibition. 

• To investigate whether the motility- and VIP-induced in-
creases in luminal alkalinisation in the duodenum are de-
pendent on luminal Cl-. 

 
Study II 

• To study the integrative effects of luminal perfusion of the 
duodenum using hypertonic sodium chloride solutions, 
which vary in osmolalities from 400 to 700 mOsm, on duo-
denal motility, mucosal permeability, net fluid flux and the 
duodenal osmoregulation in the absence and presence of 
COX-2 inhibition. In other words, the study aims to investi-
gate whether the prevention of postoperative duodenal ileus 
affects the ability of the duodenum to respond to luminal hy-
pertonicity.  

• To examine whether a blockade of nicotinic acetylcholine 
receptors affects the duodenal response to luminal hyperto-
nicity. 
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Study III 

• To investigate whether Sprague Dawley rats respond to lu-
minal hypertonicity in the same manner as the Dark Agouti 
strain. 

• To examine if COX-2 inhibition affects the responsiveness 
of the duodenum to luminal hypertonicity in the Sprague 
Dawley rat. 

• To elucidate whether hypertonic carbohydrate-rich solutions 
and orange juice induce the comparable effects on duodenal 
functions, compared to hypertonic saline. 
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Materials and methods 

Animals 
A total of 309 animals were included in the present thesis, including 81 male 
Dark Agouti rats weighing 200-250 g in Study I.  
In Study II, 59 male Dark Agouti and 18 male F1 hybrids of Lewis/Dark 
Agouti rats, weighing 180-290 g and 250-360 g, respectively, were used.  
Sixty-nine male Dark Agouti and 82 male Sprague Dawley rats, weighing 
180-300 g and 190-510 g, respectively, were used in Study III.  
All animals were housed in groups of at least two in standard macrolon cag-
es (59 x 38 x 20 cm) containing wood-chip bedding and maintained under 
constant conditions (12:12 hour light-dark cycle; temperature 20 ± 1 °C and 
humidity 50 ± 10 %). All animals had free access to water and pelleted food 
ad libitum. Prior to the day of experiment, the animals were fasted for 16 
hours before the surgical procedure, with free access to drinking water. All 
experimental protocols involving animals were approved by the Uppsala 
Ethics Committee, Uppsala, Sweden, and procedures comply with all poli-
cies and regulations outlined by the Swedish Animal Protection Act. 

Anaesthesia and surgical procedure 
All rats were anesthetised with an intraperitoneal injection (i.p.) of inactin 
(5-ethyl-5-[1'-methyl-propyl]-2-thiobarbiturate) at a dose of 120 mg/kg. 
Inactin is a long-lasting rodent anaesthetic with minimal effects on cardio-
vascular tone and arterial acid-base parameters, as well as on gastric empty-
ing in rats (Buelke-Sam et al. 1978, Qualls-Creekmore et al. 2010, Gaertner 
et al. 2008). In rats, inactin is slowly metabolised by the liver, and a single 
dose of this anesthetic maintains the animal in deep anaesthesia throughout 
the experiment. To minimise preoperative stress, the handling and the anaes-
thesia of the rats were managed by trained personnel at the Animal Depart-
ment of the Biomedical Centre. After anaesthesia induction, the animals 
were quickly transported to the laboratory. At time of arrival, each animal 
was immediately placed on a heating pad to control and maintain body tem-
perature at 37.5 ± 0.5 °C, using a rectal thermistor probe and an infrared 
heating lamp (Philips, Infraphil PAR38E).  
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A cannula was inserted into the trachea to facilitate spontaneous breath-
ing. The left and right femoral arteries and veins were catheterised with PE-
50 cannulas. The arterial cannulas were filled with 20 IU/ml of heparin, di-
luted in isotonic saline, to prevent blood clotting. The left vein was used for 
injection of the selective COX-2 inhibitor parecoxib. The right femoral vein 
was used for continuous infusion of 51Cr-EDTA, which was diluted in iso-
tonic saline and infused i.v. at a rate of 1.0 ml/h. One of the arterial cannulas 
was connected to a pressure transducer to obtain recordings of mean arterial 
blood pressure (MABP), coupled to a PowerLab system and an Apple com-
puter (AD Instruments, Hastings, UK). The other arterial cannula was used 
for collection of blood. 250 µl of arterial blood was drawn at the beginning, 
middle and end of the experiment for plasma determination [51Cr-EDTA]. 
The blood loss was compensated with an equal volume of bovine serum 
albumin solution (7 % w/v in saline).  

 
Figure 7. Schematic illustration of the animal model used. 

Treatment with parecoxib 
In the present study, we used parecoxib, a prodrug that is rapidly converted 
in vivo to valdecoxib, which is a highly selective COX-2 inhibitor (Gierse et 
al. 2005). Previous experiments in rats have shown that parecoxib-treatment 
possesses anti-hyperalgesic, anti-inflammatory, as well as anti-pyretic ef-
fects. Furthermore, intravenous administration of parecoxib at a dose four-
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fold higher than that used in the present study failed to induce any visible 
lesions in the rat gastric mucosa (Padi et al. 2004), suggesting that the drug 
lacked COX-1-inhibiting properties. Moreover, it has recently been demon-
strated that parecoxib elicited more or less identical effects compared to the 
selective COX-2 inhibitor rofecoxib, whereas the selective COX-1 inhibitor 
SC-560 exhibited minor effects on the duodenal parameters studied (Pihl & 
Nylander 2006). Hence, there is solid evidence indicating that parecoxib 
primarily exerts its action via inhibition of COX-2. Although the question of 
which cell(s) producing COX-2-derived prostanoids was not addressed in the 
present study, other investigators have shown that gut manipulation in rats 
induces the expression of COX-2 mRNA in the gastric, jejunal and colonic 
muscularis externa (Schwarz et al. 2004, Schwarz et al. 2001) but not in the 
duodenal mucosa (Takeuchi et al. 2002). These observations suggest that 
abdominal surgery induces the expression of COX-2 predominately in the 
external muscle layer of the gut. 

Duodenal preparation 
The abdominal cavity was opened by a midline incision along the linea alba. 
To prevent bile and pancreatic secretions from entering the intestine, the 
common bile duct was catheterised close to its entrance into the duodenum 
using a PE-10 cannula. Soft tubing was introduced via the mouth and pushed 
along the oesophagus through the stomach and into the duodenum, where it 
was secured by ligatures 2-5 mm distal to the pylorus. Approximately 3 cm 
distal to the pylorus, the duodenum was cauterised and a PE-320 cannula 
was inserted 5 mm into the duodenum and secured with ligatures. The duo-
denal segment was repeatedly rinsed with warm saline during the surgery to 
prevent tissue dehydration. Before closing the abdominal cavity, the duode-
nal segment was gently stretched and fixed, to prevent intestinal folding 
during the experiment. In some experiments, where the duodenal segment 
was filmed with an USB-microscope (Dinolite®), the abdominal cavity was 
left open. To prevent dehydration and heat loss, the abdomen was covered 
with plastic foil. The proximal soft tubing was connected to a peristaltic 
pump (λ, France), with the segment perfused with warm saline at a rate of 
0.1 ml per min. After surgery, the animal was allowed to recover so that 
cardiovascular, respiratory and gastrointestinal functions could stabilise be-
fore the experiment began. 

Measurement of duodenal contractions 
Changes in intraluminal pressure were continuously monitored to assess 
duodenal wall contractions. The intraluminal pressure was measured with a 
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pressure transducer that was connected to the inlet cannula via a T-tube. The 
inlet and outlet cannulas were positioned at the same level as the transducer 
so that the pressure in the system was close to 0 mmHg. An upward deflec-
tion of at least 2 mm Hg above baseline was defined as a motor response. 
The changes in intraluminal pressure were recorded via a digitiser, Pow-
erLab® unit, on an Apple® computer using Chart™ software (ADInstruments 
Ldt. Hastings, East Sussex, UK). Duodenal motility was assessed over inter-
vals of 10 min, unless otherwise stated, using planimetry to measure the total 
area under the pressure versus time curves (AUC). The values given reflect 
the means of two or three 10-min intervals.  

Measurement of luminal alkalinisation 
The rate of luminal alkalinisation in the duodenum or jejunum was deter-
mined by back titration of the perfusate to pH 4.9 with 10 mM HCl under 
continuous gassing (100% N2) using pH-stat equipment (Schott-Titroline 
Easy, Mainz, Germany). The pH electrode was calibrated on a daily basis 
with standard buffers before titration initiation. The volume of HCl needed 
to back-titrate a blank solution of saline to pH 4.9 was negligible. Luminal 
alkalinisation was expressed as micromoles of base transported per centime-
tre (Study I) or per square centimetre (Study III) of intestine per hour. 

Measurement of duodenal epithelial permeability 
The permeability of the duodenal epithelium was assesses by measuring the 
blood-to-lumen clearance of 51Cr-EDTA. 51Cr-EDTA is a stable hydrophilic 
chelate with a cross sectional radius of 6.8 Å that is neither metabolised in 
the tissue nor taken up by the cells. Furthermore, alterations in small intesti-
nal blood flow do not affect the blood-to-lumen clearance of 51Cr-EDTA 
(Crissinger et al. 1990, Nylander & Hällgren 1998). Hence, the paracellular 
pathway, or to be more specific, the tight junctions (Ma & Anderson 2006, 
Turner 2009), appear to be the rate-limiting barriers for the transepithelial 
permeation of hydrophilic molecules the size of Cr-EDTA. After the com-
pletion of surgery, 51Cr-EDTA was administered intravenously as a bolus of 
75 µCi, followed by a continuous infusion at a rate of 50 µCi per hour. The 
radioactive isotope was diluted in saline and infused at a rate of 1 ml h-1. One 
hour was permitted for tissue equilibration of the 51Cr-EDTA. Three blood 
samples (0.25 ml each) were collected at regular time intervals during the 
experiment. After centrifugation, 50 µl of plasma was assessed for radioac-
tivity. The duodenal segment was perfused with saline and the perfusate was 
collected in 10-min samples. The luminal perfusate and the blood plasma 
were analysed for 51Cr-activity in a gamma counter (1282 Compugamma 
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CS, Pharmacia, Uppsala, Sweden). A linear regression analysis of the plas-
ma samples was conducted to obtain a corresponding plasma value for each 
perfusate sample. The clearance of 51Cr-EDTA from the blood to lumen was 
calculated as previously described (Nylander et al. 1989). 

 

 

 
Figure 8. Schematic illustration of the principle behind paracellular transport of 
51Cr-EDTA across the intestinal mucosa and the formula used to calculate the blood-
to-lumen clearance of 51Cr-EDTA. 

 
Measurement of the blood-to-lumen clearance of 51Cr-EDTA constitutes a 
reliable way to assess changes in duodenal epithelial paracellular permeabil-
ity in vivo. Recent experiments in our laboratory have shown that luminal 
lidocaine, a well-known local anesthetic, increases the blood-to-lumen clear-
ance of 51Cr-EDTA in rat duodenum and that this response is markedly po-
tentiated in COX-inhibited rats (Nylander et al. 2001) Furthermore, it has 
been shown that the neuropeptide neurokinin A increases and that vasoactive 
intestinal peptide and melatonin decreases basal duodenal mucosal permea-
bility in anesthetized rats (Hallgren et al. 1997, Nylander et al. 1993, 
Sommansson et al.). Taken together, these results strongly suggest that neu-
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increase in mucosal permeability was markedly potentiated in animals pre-
treated with indomethacin. Moreover, in other experiments we showed that 
the hypotonicity-induced increase in mucosal permeability was roughly the 
same in rofecoxib- or parecoxib-treated rats and in indomethacin-treated 
rats, suggesting inhibition of COX-2 as the main mechanism of action (Pihl 
& Nylander 2006). 

To gain more information about the permeability characteristic of the du-
odenal epithelium the effect of luminal perfusion of the duodenum with iso-
tonic saline and 50 mM NaCl on the blood-to-lumen clearance of different 
permeability probes with various molecular radius and structure, i.e., 14C-
methyl-glucose, 14C-inulin and 14C-urea were examined (Pihl et al. 2008). 
Although 14C-methyl-glucose exhibited somewhat higher basal permeability 
when compared to 51Cr-EDTA and 14C-inulin, the basal epithelial duodenal 
permeability of these probes differed dramatically from that of 14C-urea, 
which on average was 15 to 70-fold higher. It is thus speculated that the 
majority of the blood-to-lumen permeation of 14C-methyl-glucose, 51Cr-
EDTA, and 14C-inulin occurs through paracellular shunts in the basal parts of 
the villous and/or the crypts. 14C-urea on the other hand, most probably per-
meates the paracellular shunts also in the villous epithelium, which would 
explain its high basal clearance value. The finding that the net increase in 
clearance, in response to perfusion with 50 mM NaCl, was about the same 
for all probes regardless of molecular size suggests the paracellular pathway 
to be the major route of transport.  

Measurement of net fluid flux  
The duodenum continuously absorbs and secretes fluid, and the difference 
between these two transport processes determines the net flux of fluid. The 
weight of fluid in the collection vial was used to measure flow over the 10-
min collection. The effluent volumes for all hypertonic solutions were cor-
rected for density by dividing effluent weight with a calculated density factor 
for each solution. The density of isotonic saline was arbitrarily set to 1.000, 
whereas the other solutions were adjusted in relation to saline. The net fluid 
flux, in absolute figures, was determined by subtracting the collected per-
fusate volume per 10 min from the volume delivered by the peristaltic pump 
per 10 min, which was expressed as µl fluid per cm2 intestine (serosa) per 
hour (ml cm-2 h-1). The peristaltic pump volume was determined from the 
mean of two 10-min samples taken immediately after termination of each 
experiment. The mean change in net fluid flux in response to the hypertonic 
solution was determined, as follows: the mean of the three effluent volumes 
immediately before exposure to luminal hypertonicity (time point 0-30 min) 
was subtracted from the mean of the 6 hypertonic samples and expressed as 
µl fluid secreted per cm2 intestine per hour. 
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Measurement of duodenal osmoregulation 
The osmolality of perfusate, collected from the duodenum every 10 min, as 
well as that of the perfusion solution were determined by means of freezing 
point depression using Fiske® Micro-Osmometer (Model 210; Fiske Associ-
ates, Norwood, MA, USA). The osmolality (mOsm kg-1 H2O) of the perfu-
sion solution was subtracted from that of the effluent and divided with the 
serosal surface area of the duodenum, yielding the ability of the duodenum 
to adjust luminal osmolality expressed as milliosmoles per square cm serosal 
surface (mOsm cm-2).  

Experimental protocol 

Study I 

Perfusion with Na2SO4, sodium gluconate, or sodium nitrate  
Control animals: the experiment was initiated by 30 min perfusion with iso-
tonic saline. Subsequent perfusions with isotonic Cl--free solutions or solu-
tions with different Cl- concentration [50 mM] and [75 mM] were executed 
for 30 min, followed by a 30 min recovery period with isotonic saline (Fig 
9A). The following solutions were used: 75 mM Na2SO4 + 75 mM D-
mannitol; 155 mM sodium gluconate; 155 mM sodium nitrate; 50 mM NaCl 
+ 50 mM Na2SO4 + 50 mM D-mannitol and 75 mM NaCl + 37.5 mM 
Na2SO4 + 37.5 mM D-mannitol. D-mannitol was added to all solutions to 
make them isotonic. 

Parecoxib-treated animals: the experiment was identical to that of con-
trols, with the exception that parecoxib was administered (5 mg kg-1 i.v.) 30 
min prior to the start of effluent collection. 

Effect of parecoxib and VIP in Na2SO4-perfused animals  
Parecoxib experiments: the duodenal segment was perfused with isotonic 
saline for 30 min. Thereafter, the perfusion solution was changed to an iso-
tonic Cl--free Na2SO4 solution for 80 min. Thirty minutes after the onset of 
the Na2SO4 perfusion, parecoxib was administered as a bolus injection (5 mg 
kg-1 i.v.). After the Cl--free perfusion, the duodenum was re-perfused with 
isotonic saline for 30 min (Fig 9B). VIP experiments: the experimental pro-
tocol was identical to that used in the parecoxib experiment, with the excep-
tion that VIP was administered as a continuous i.v. infusion at a dose of 5 µg 
kg-1 h-1,60 min after the onset of effluent collection. In one group of animals 
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(controls), the duodenum was continuously perfused with isotonic saline 
throughout the experiment (Fig 9C).  

Jejunum  
The jejunum was perfused with an isotonic saline solution for 30 min, fol-
lowed by isotonic 75 mM Na2SO4 + 75 mM D-mannitol solution for 30 min. 
The experiment was terminated after an additional 30-min perfusion with 
isotonic NaCl. The experimental protocol was identical to that of parecoxib-
treated animals, with the exception that parecoxib was administered as a 
bolus (5 mg kg-1 i.v.) 30 min before the start of the experiment (Fig 9A).  

 
Figure 9. Schematic illustration of the experimental protocols used in Study I 

Study II 

Perfusion with hypertonic saline  
After a 30-min period of isotonic saline perfusion, the duodenum was rinsed 
with 3-4 ml of pre-warmed (37°C) hypertonic solution and then slowly per-
fused with the same hypertonic solution for 60 min. Thereafter, the duode-
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num was rinsed again, but this time with 3-4 ml of pre-warmed isotonic sa-
line and subsequently perfused with isotonic saline for another 60 min peri-
od. In approximately half of the experiments, the animals were treated with 
the selective COX-2 inhibitor parecoxib (5 mg · kg-1 i.v.) 30 min prior to the 
start of the experiment (Fig 10A). Effects on duodenal motility, 51Cr-EDTA 
clearance, mean arterial blood pressure (MABP), net fluid flux and effluent 
osmolality were determined. References to control and parecoxib-treated 
groups are indicated as Ctrl- and Pare-, respectively, followed by the osmo-
lality of the perfusion solution, e.g., Ctrl-500. The experimental groups were 
as follows: Ctrl-400 and Pare-400, Ctrl-500 and Pare-500, Ctrl-600 and 
Pare-600, Ctrl-700 and Pare-700. 

Nicotinic acetylcholine receptor antagonists 
All animals were treated with parecoxib, and the experimental protocol was 
identical to that described above with the exception that some animals were 
treated with either the non-selective non-competitive nicotinic receptor an-
tagonist mecamylamine (n=6) or the non-selective competitive nicotinic 
receptor antagonist hexamethonium (n=6), 20 min before the start of the 
experiment. Mecamylamine chloride was dissolved in isotonic saline and 
700 mOsm kg-1 NaCl, respectively and administered luminally. The final 
luminal concentration of mecamylamine was 10-4 M. Hexamethonium was 
given i.v. as a bolus injection at a dose of 10 mg kg-1 followed by a slow 
intravenous infusion at a dose of 10 mg kg-1 h-1. A control group of animals 
was treated with parecoxib only (n=6).  

Elevation of intraduodenal pressure 
The objective of these experiments was to evaluate whether an increased 
accessibility of the luminal fluid to the intervillous spaces can affect the du-
odenal response to luminal hypertonicity. Experiments were performed in 
control animals (Ctrl-Dist). The distal duodenal cannula was connected to a 
flexible soft tube. By raising the outlet of the soft tube approximately 8 cm 
above the inlet cannula, the intraduodenal pressure was raised 5-6 mmHg. 
The experimental protocol was the same as for Ctrl-700, except that intradu-
odenal pressure was elevated during the experiment (150 min). 51Cr-EDTA 
clearance, net fluid flux and effluent osmolality were determined. 

Intermittent perfusion  
Experiments were performed in parecoxib-treated animals. The perfusion 
rate was increased to 0.4 ml per min. After a 30-min period of isotonic saline 
perfusion, the duodenum was perfused with 700 mOsm kg-1 for 2.5 min, 
followed by perfusion with isotonic saline for 7.5 min. This procedure was 
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repeated 6 times (Fig 10B). Only duodenal motility was assessed in this se-
ries of experiments. 

 
Figure 10. Schematic illustration of the experimental protocols used in Study II 

Study III  
After a 30 min basal period of isotonic saline perfusion, the duodenum was 
gently rinsed with 3-4 ml of pre-warmed (37°C) hypertonic solution (hyper-
tonic flush) and perfused with the same solution for 4 min to facilitate equi-
librium and to remove dead space volume. The perfusate collected during 
this period was discarded. After the hypertonic flush, the hypertonic perfu-
sion was continued for 60 min. Thereafter, the duodenum was rinsed again, 
but this time with 3-4 ml pre-warmed isotonic saline + 4 min equilibrium 
(isotonic flush). A subsequent 30 min saline perfusion was conducted during 
the recovery period. The experimental protocols for the control and parecox-
ib-treated animals were identical, except that parecoxib was administered as 
a bolus (5 mg kg-1 i.v.) 20-30 min before the start of the experiment (Fig 11).  
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Figure 11. Schematic illustration of the experimental protocols used in Study III 

Data analyses 
Descriptive statistics of parametric data are expressed as the means ± SEM. 
The statistical significance of data was tested by analysis of variance 
(ANOVA) and two-sample (unpaired) t-test (Student’s t-test). To compare 
the results obtained pre-, during and post-exposure to hypertonic solutions 
within a group of animals, a one-way repeated-measure ANOVA was used, 
followed by Tukey’s post hoc test. The group differences obtained pre-, dur-
ing and post-exposure to hypertonic solution was tested with a two-way re-
peated-measure ANOVA, followed by the Bonferroni correction for multiple 
comparisons. Differences between means (>two groups) were compared 
using a one-way non-repeated measure ANOVA, followed by Tukey’s post 
hoc test. Differences between the two groups were compared using an un-
paired Student’s t-test. A P-value of less than 0.05 was considered signifi-
cant (two-tailed test). All statistical analyses were performed on an Apple 
computer using Prism 4.0 (GraphPad Software, Inc. San Diego, CA USA). 

Chemicals 
Bovine albumin, D-glucose, D-mannitol, Inactin®, vasoactive intestinal pep-
tide and hexamethonium chloride were obtained from Sigma Chemicals (St. 
Louis, MO, USA). 51-chromiumlabelled ethylenediaminetetraacetic acid 
(51Cr-EDTA) was purchased from Perkin Elmer Life Sciences (Boston, MA, 
USA). Parecoxib (Dynastat® for injection) was obtained from Pfizer Lim-
ited (Kent, UK) and Lidocaine (Xylocain® spray) was purchased from 
AstraZeneca AB (Södertälje, Sweden). Mecamylamine hydrochloride was 
purchased from Tocris Bioscience (Bristol, UK). Na2SO4, sodium nitrate and 
sodium gluconate was obtained from Merck (Darmstadt, Germany). 
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Results  

Study I 

The influence of luminal Cl- on duodenal luminal alkalinisation  
In this paper, we investigated whether the increase in luminal alkalinisation 
induced by parecoxib and VIP is dependent on luminal Cl-, given that the 
latter substance is a known activator of cystic fibrosis membrane conduct-
ance regulator (CFTR). 

Perfusion of the duodenum with the Cl--free 75 mM Na2SO4-solution de-
creased luminal alkalinisation in both controls (P<0.05) and in parecoxib-
treated animals (P<0.01) without affecting duodenal motility (Fig 12A). This 
effect was also observed in parecoxib-treated animals perfused with sodium 
gluconate (P<0.001) or sodium nitrate (P<0.001) (Fig 12B).  

 
Figure 12. A. The effect of luminal perfusion with an isotonic Cl--free Na2SO4 solu-
tion (75 mM Na2SO4 + 75 mM D-mannitol) on duodenal luminal alkalinisation in 
control (n=5) and parecoxib-treated (n=5) animals. B. The effect of luminal perfu-
sion with 155 mM sodium gluconate (n=7) or sodium nitrate (n=5) on luminal alka-
linisation in parecoxib-treated animals. *P<0.05, **P<0.01 and ***P<0.001 com-
pared with the of the values obtained at 10, 20, and 30 min in the same group of 
animals. Values are mean ± SEM. 

 

A B 
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In further experiments, we examined the effects of different luminal Cl- 
concentrations on alkalinisation in parecoxib-treated animals. Reductions in 
luminal Cl- decreased alkalinisation in a concentration-dependent manner 
(Fig 13).  

 
Figure 13. The effect of different luminal Cl- concentrations on luminal alkalinisa-
tion in the rat duodenum is shown. The duodenum was perfused for 30 min with an 
isotonic solution containing 75 mM (n=4), 50 mM (n=5) or 0 mM (n=5) [Cl-]. The 
change in luminal alkalinisation is expressed as % of control, i.e., the basal rate of 
luminal alkalinisation obtained in parecoxib-treated rats perfused with 155 mM 
NaCl. *P<0.05 compared with with 50 mM [Cl-] and ***P<0.001 compared with 0 
mM [Cl-]. Values are mean ± SEM. 

The influence of luminal Cl- on luminal alkalinisation in the 
jejunum  
As a comparison site, the effects of the Cl--free 75 mM Na2SO4-solution on 
luminal alkalinisation were also examined in the jejunum. Basal luminal 
alkalinisation was substantially lower than that in the duodenum, which is in 
agreement with previous findings (Pihl et al. 2008), and it was not affected 
by luminal perfusion with Cl--free 75 mM Na2SO4-solution. Parecoxib in-
creased the rate of luminal alkalinisation twofold, compared to controls. 
Moreover, luminal alkalinisation in parecoxib-treated animals tended to de-
crease in response to perfusion with Cl--free 75 mM Na2SO4-solution; how-
ever,this effect was not statistically significant. 

Is the parecoxib-induced increase in luminal alkalinisation 
dependent on luminal Cl-? 
Next, we investigated whether the parecoxib-induced increase in duodenal 
luminal alkalinisation is dependent on luminal Cl-. Perfusion with Cl--free 75 
mM Na2SO4-solution significantly decreased luminal alkalinisation. The 



 40

administration of parecoxib induced duodenal motility and caused an abrupt 
increase in luminal alkalinisation (Fig 14). This effect was followed by a 
decline in alkalinisation to levels indistiguishable from those observed im-
mediately before the parecoxib injection. Reperfusion of the duodenum with 
isotonic saline did not affect duodenal motility; however, it markedly elevat-
ed luminal alkalinisation to levels significantly greater than those obtained 
before Na2SO4-perfusion. 
 

 
Figure 14. Effects of parecoxib on duodenal wall contractions (A) and luminal alka-
linisation (B) during perfusion with an isotonic Cl--free Na2SO4 solution (n=8). The 
duodenum was first perfused with an isotonic NaCl solution, and subsequently with 
isotonic Cl--free Na2SO4 solution, denoted by the shaded area in the figure. Parecox-
ib was administered as an intravenous bolus injection at a dose of 5 mg kg-1, as indi-
cated by the arrow in the figure. **P<0.01 compared with the values obtained at 10, 
20, and 30 min. ΦP<0.05, ΦΦP<0.01 and ΦΦΦP<0.001 compared with the values 
obtained at 50 and 60 min. Values are mean ± SEM. 

B 

A 
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Is the VIP-induced increase in luminal alkalinisation dependent 
on luminal Cl-? 
Given that parecoxib increased luminal alkalinisation via a luminal Cl--
dependent mechanism, we were interested in whether the stimulation of al-
kaline secretion by VIP is dependent on luminal Cl- as well. To answer this 
question, two series of experiments in control animals were performed. In 
one group of animals, the duodenum was perfused with isotonic saline 
throughout the experiment (control), whereas in the other group, the perfu-
sion solution was changed to Cl--free 75 mM Na2SO4-solution. Sixty min 
after the start of the experiment, both groups were administered VIP with an 
i.v. infusion that continued throughout the experiment. In accordance with 
previous experiments, perfusion of the duodenum with Cl--free 75 mM 
Na2SO4-solution decreased luminal alkalinisation (Fig 15). In the control 
group, luminal alkalinisation remained steady during the same time period. 
Intravenous infusion of VIP at a dose of 5 µg kg-1 h-1 increased luminal alka-
linisation in both groups. The net increase in luminal alkalinisation in re-
sponse to VIP at the 100-110 min time interval was virtually the same in the 
controls and in the Na2SO4-treated animals: 12.3 ± 2.1 and 12.4 ± 0.8 µmol 
cm-1 h-1, respectively.  

 
Figure 15. The effect of VIP on duodenal luminal alkalinisation during perfusion 
with an isotonic Cl--free Na2SO4 solution (n=5) or isotonic saline (n=5) is shown. 
Arrows in the figure denote perfusion with Cl--free Na2SO4 solution. VIP was ad-
ministered as a constant intravenous infusion for 80 min at a dose of 5 µg kg-1 h-1, as 
indicated by the shaded area. ***P<0.001 compared with values obtained at 10, 20 
and 30 min in the same group. §P<0.001 compared with the value acquired at 50 and 
60 min in the same group. #P<0.05 and ###P<0.001 compared with the value ob-
tained at 110 min in the same group. Values are mean ± SEM. 

Perfusion of the duodenum with Cl--free Na2SO4 solution decreased the net 
absorption of fluid in both groups. In contrast, intravenous infusion of VIP 
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increased the net fluid flux in both groups. However, at the 100-110 min 
time interval, the net increase in fluid flux was significantly (P<0.05) lower 
in Na2SO4-perfused animals than in controls perfused with isotonic saline 
(Fig 16). Re-perfusion of the duodenum using isotonic NaCl solution in-
creased fluid flux to levels that did not differ from those observed in con-
trols. Moreover, the increase in fluid secretion that occurred from 100-110 to 
130-140 min was significantly greater (P<0.05) in Na2SO4-perfused animals 
than in those perfused with NaCl only. 

 
Figure 16. Effect of vasoactive intestinal peptide (VIP) on net fluid flux during 
perfusion with an isotonic NaCl solution (n=5) (A) and during perfusion with an 
isotonic Cl--free Na2SO4 solution (n=5) (B). The duodenum was first perfused with 
an isotonic NaCl solution for 30 min, and subsequently with an isotonic Cl--free 
Na2SO4 solution for 80 min, denoted by arrows in the figure. VIP was administered 
as a constant intravenous infusion for 80 min at a dose of 5 µg kg-1 h-1, as indicated 
by the shaded area in the figure. The experiment was terminated by a 30-min perfu-
sion with isotonic NaCl. *P < 0.05 and ***P < 0.001 compared with the mean of the 
first six 10-min samples (A) or the first three 10-min samples (B). ΦP < 0.05 com-
pared with the 50-60 min value. ΨΨP < 0.01 compared with the 100-110 values. 
Values are means ± SEM. 

B 
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Summary Study I 
We found that substituting luminal Cl- with sulphate, gluconate, or nitrate 
substantially reduced luminal alkalinisation by approximately 50% in control 
rats and up to 76% in parecoxib-treated animals. Moreover, a reduction in 
the luminal [Cl-] decreased alkalinisation in a concentration-dependent man-
ner. It was also found that the parecoxib-induced increase in luminal alka-
linisation, but not in duodenal motility, was strongly dependent on luminal 
Cl-. Furthermore, VIP was equally effective in stimulating luminal alkalini-
sation during the absence and presence of luminal Cl-, suggesting that VIP 
and parecoxib stimulate duodenal mucosal alkaline secretion through differ-
ent mechanisms. Finally, it was demonstrated that the VIP-induced stimula-
tion of net fluid flux is partially dependent on luminal Cl-. 

Study II 

Perfusion with 400 mOsm kg-1  
In this study, we examined whether the prevention of postoperative duodenal 
ileus with parecoxib treatment affects the ability of the duodenum to respond 
to luminal hypertonicity. More specifically, we examined the effects of lu-
minal perfusion of the duodenum using hypertonic saline with various osmo-
lalities in the range of 400 – 700 mOsm · kg-1, in the absence or presence of 
parecoxib. 

Luminal perfusion with the 400 mOsm kg-1 NaCl solution did not affect 
duodenal motility in either group. Perfusion with 400 mOsm saline induced 
a sustained increase (P<0.001) in fluid secretion in both the Ctrl-400 and the 
Pare-400 groups. Parecoxib-treated animals responded to 400 mOsm with a 
weak and irregular decrease (P<0.05, at time points 40, 80, 90 and 100 min) 
in 51Cr-EDTA clearance. The hypertonicity-induced increase in net fluid 
secretion and the reduction in luminal osmolality were greater (P<0.001) in 
parecoxib-treated rats than in control rats (Fig 18).  

Perfusion with 500 mOsm kg-1  
Perfusion with 500 mOsm kg-1 NaCl solution did not affect intraluminal 
pressure, compared to baseline values in either group. Luminal hypertonicity 
transiently reduced 51Cr-EDTA clearance (P<0.05, at time points 50, 60 and 
70 min) in control animals, yet it had no significant effect in the Pare-500 
group. 500 mOsm induced a steady net fluid secretion (p<0.001) in both 
groups. The hypertonicity-induced increase in net fluid secretion and the 
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decrease in effluent osmolality were greater (P<0.001) in the Pare-500 group 
compared with the Ctrl-500 group (Fig 18).  

Perfusion with 600 mOsm kg-1 
In control rats, luminal perfusion with the 600 mOsm kg-1 NaCl solution had 
no effect on motility or 51Cr-EDTA clearance. The decrease in effluent os-
molality, but not the increase in fluid secretion, was greater (P<0.05) com-
pared with the Ctrl-500 group. In parecoxib-treated animals, luminal perfu-
sion with 600 mOsm tended to depress duodenal motility, but this trend did 
not attain statistical significance. Fifty minutes after onset of the hypertonic 
perfusion, there was a significant increase (P<0.001, at time points 80, 90, 
100 and 110 min) in 51Cr-EDTA clearance. Parecoxib-treated animals re-
sponded to 600 mOsm with a greater increase (P<0.001) in fluid secretion 
and a 1.8-fold greater decrease (P<0.001) in effluent osmolality than did the 
Ctrl-600 group. However, as with the control animals, the decrease in efflu-
ent osmolality, but not the hypertonicity-induced increase in fluid secretion, 
was greater (P<0.01) compared with that of the Pare-500 group (Fig 18). 

Perfusion with 700 mOsm kg-1  
Control animals: Perfusion with 700 mOsm affected neither motility nor 
51Cr-EDTA clearance. The hypertonicity-induced net fluid secretion was not 
different from that observed in Ctrl-500 or Ctrl-600. Furthermore, the de-
crease in effluent osmolality did not differ from that in the Ctrl-600 group.  
Parecoxib-treated animals: Luminal hypertonicity markedly suppressed duo-
denal motility, and this response was fully reversible after cessation of the 
hypertonic perfusion (Fig 17). Perfusion with 700 mOsm increased 51Cr-
EDTA clearance to a greater extent (P<0.001), compared with Pare-600. The 
increase in net fluid secretion in Pare-700 was greater (P<0.001) than in Ctrl-
700 but not different from that in Pare-500 or Pare-600. However, the de-
crease in effluent osmolality was greater (P<0.001) than in Ctrl-700 and 
Pare-600 groups (Fig 18). 
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Figure 17. A representative experiment is shown demonstrating the effect of lu-
minal perfusion of the duodenum with a 700 mOsm NaCl solution on duodenal 
motility assessed as changes in intraluminal pressure. The arrows in the figure indi-
cate the hypertonic perfusion period. 

 
Figure 18. The net change in 51Cr-EDTA clearance (A), fluid flux (B) and the 
change in effluent osmolality (C) in response to perfusion with hypertonic NaCl 
solutions (400, 500, 600 and 700 mOsm kg-1) in the absence and presence of 
parecoxib (5 mg kg-1) are shown. Values are mean ± SEM. *P< 0.05 and 
***P<0.001 compared with Pare-500 and Pare-600 respectively (top), *P<0.05 and 
***P<0.001 compared with Ctrl-400 and Pare-400 respectively (middle) and 
*P<0.05, **P<0.01 and ***P<0.001 compared with the preceding osmolality within 
the same treatment group (bottom). 
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Regression analyses 
A nonlinear relationship was identified between the change in net fluid flux 
and the osmolality of the perfusion solution in control and parecoxib-treated 
animals, yielding r2-values of 0.97 and 0.99, respectively (Fig.). In parecox-
ib-treated rats an excellent linear correlation was found between the osmolal-
ity of the perfusion solution and the ability to adjust luminal osmolality (r2 = 
0.99). In control rats, this relationship was best defined using a third-order 
polynomial equation (Fig 19).  

 
Figure 19. A. The relationship between the osmolality of the perfusion solution and 
the change in net fluid flux in control and parecoxib-treated animals. B. The rela-
tionship between the osmolality of the perfusion solution and the change in effluent 
osmolality in control and parecoxib-treated animals. Values are mean ± SEM.  

 
No correlation was found between the net increase in fluid secretion (the 
mean of the 80 and 90 min values) and the net change in 51Cr-EDTA clear-
ance (the mean of the 80 and 90 min values) in the control and parecoxib-
treated animals (P = 0.11, r2 = 0.12, n =23, and P = 0.07, r2 = 0.15, n=23, 
respectively) (Fig 20A). In parecoxib-treated rats, luminal perfusion of the 
duodenum with 400 mOsm saline induced net fluid secretion, but reversibly 
reduced 51Cr-EDTA clearance (Fig 20B). 
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Figure 20. A. The relationship between the change in net fluid flux (the mean of the 
80- and 90-min values minus the mean of the 0-, 20- and 30-min values) and the net 
change in 51Cr-EDTA clearance (the mean of the 80- and 90-min values minus the 
mean of the 0-, 20- and 30-min values) during perfusion with either 400 (1), 500 (2), 
600 (3) and 700 mOsm (4) in control and parecoxib-treated animals. B. The effect of 
luminal perfusion with 400 or 700 mOsm on duodenal net fluid flux and the blood-
to-lumen clearance of 51Cr-EDTA in parecoxib-treated rats, demonstrating the poor 
correlation found between mucosal permeability and net fluid flux. The shaded area 
indicates the hypertonic perfusion period, (n=7). Values are mean ± SEM.

Elevation of intraluminal pressure 
The results presented above clearly demonstrate a marked difference in the 
hypertonicity-induced net fluid secretion and the ability to adjust luminal 
osmolality between control and parecoxib-treated animals. One possible 
explanation for the divergent results between the two groups could be that 
parecoxib, through the induction of motility, increases the accessibility of 
the luminal solution to deep intervillous spaces and thereby increases the 
mucosal surface area available for exchange of water and solutes. In an at-
tempt to test this hypothesis, the intraduodenal pressure was raised by ap-
proximately 5-6 mmHg, which has been shown to broaden the intervillous 
spaces (Harris et al. 1988).  

The hypertonicity-induced net fluid secretion in response to 700 mOsm 
NaCl solution was significantly greater in animals exposed to luminal dis-
tension (Ctrl-Dist) than in controls (Ctrl-700) (P<0.01), but it was lower 
(P<0.05) than secretion levels found in Pare-700. The decrease in effluent 
osmolality was constant over time and was significantly larger in Ctrl-Dist 
than in the Ctrl-700 (P<0.01) yet smaller than that in the Pare-700 group 
(P<0.001) (Fig 21). 
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Figure 21. The hypertonicity-induced change in net fluid secretion (A) and the 
change in luminal osmolality (B) in control rats (n=8), rats exposed to luminal dis-
tension (n=6) and parecoxib-treated rats (n=7). Each bar represents the mean of the 
six 10-min net fluid flux values (30-90 min) or the mean of four 10-min effluent 
osmolality values (50-90 min) during the hypertonic (700 mOsm) perfusion period. 
Values are mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001. 

Effect of nicotinic receptor blockade 
To evaluate whether the enteric nervous system participates in the regulation 
of luminal osmolality, the effects of two different nicotinic acetylcholine 
receptor antagonists on parecoxib-treated animals were examined. Unfortu-
nately, our animal supplier could not provide us with DA-rats at the time of 
experimentation and therefore the experiments were conducted in male F1 

hybrids of Lewis and Dark Agouti rats instead. The L/DA rat has been used 
in our laboratory for years and is well characterised with regard to a number 
of duodenal functions (Sjoblom et al. 2001, Nylander 2011).  

Luminally administered mecamylamine (10-4 M) had no effect on mean 
arterial blood pressure or basal 51Cr-EDTA clearance, yet it markedly atten-
uated the parecoxib-induced duodenal motility. However, during the perfu-
sion with 700 mOsm saline, the AUC-values did not differ compared with 
animals treated with parecoxib only. Similar results were obtained with hex-
amethonium, with the exception that MABP and basal 51Cr-EDTA clearance 
were lower (P<0.001) than in rats treated with parecoxib only. Both meca-
mylamine and hexamethonium abolished the hypertonicity-induced increase 
in 51Cr-EDTA clearance. The hypertonicity-induced increase in net fluid 
secretion and the decrease in effluent osmolality were significantly lower in 
both the mecamylamine and the hexamethonium groups compared with ani-
mals treated with parecoxib only (Fig 22).  
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Figure 22. The effect of mecamylamine or hexamethonium on the hypertonicity-
induced increase in 51Cr-EDTA clearance (A), the hypertonicity-induced net fluid 
secretion (B) and the decrease in effluent osmolality (C) in Lewis-Dark Agouti rats 
is shown. All animals were pre-treated with parecoxib 5 mg · kg-1. Mecamylamine 
(Meca) was administered luminally at a concentration of 10-4 M and hexamethonium 
(Hexa) was administered as a bolus 10 mg · kg-1 followed by an i.v. infusion at a 
rate of 10 · kg-1 · h-1. The shaded area indicates the hypertonic perfusion period. 
***P<0.001 compared with the 10-, 20- and 30-min values in the same group (A), 
Pare compared with Meca and Hexa (B and C). Values are mean ± SEM.

Summary Study II 
Parecoxib-treated animals that exhibited regular duodenal wall contractions 
responded to luminal hypertonicity with a greater increase in fluid secretion 
and a superior capability to adjust luminal osmolality than did control ani-
mals with postoperative ileus. Furthermore, at luminal osmolalities higher 
than 500 mOsm kg-1, parecoxib-treated animals responded with an inhibition 
of duodenal motility and a marked increase in mucosal permeability. It was 
also demonstrated that the hypertonicity-induced fluid secretion, but not the 
capability to decrease luminal osmolality, peaked at a luminal osmolality of 
500 mOsm kg-1 in both control and parecoxib-treated animals. Moreover, a 
low or null correlation was found between the hypertonicity-induced increase in 
fluid secretion and the blood-to-lumen clearance of 51Cr-EDTA in control and 
parecoxib-treated rats, respectively. Finally we demonstrated that the nicotinic 
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receptor antagonists, hexamethonium and mecamylamine, attenuated the 
hypertonicity-induced changes in duodenal functions in parecoxib-treated 
L/DA rats, thereby implicating a role of the enteric nervous system in the 
regulation of luminal osmolality. 

Study III 
In Study III, we investigated whether the observed effects on duodenal func-
tions observeds in Study II were elicited by the high luminal sodium chloride 
concentration or by the high luminal osmolality per se. Furthermore, pilot 
experiments from our laboratory that were executed with the Sprague Daw-
ley rat, a rat strain commonly used in biomedical research, indicated clear-
cut differences in the duodenal response to luminal hypertonicity, compared 
to the DA rat strain. It was therefore of interest to compare the effects of the 
same treatment regime in SD and DA rats to elucidate whether the observed 
effects are general phenomena or specific for a certain rat strain. Moreover, 
does COX-2 inhibition improve the responsiveness of the duodenum to lu-
minal hypertonicity in the SD rat as well? To elucidate these questions, the 
proximal duodenum of DA and SD rats was perfused with hypertonic mono-
saccharide solutions (D-glucose or D-mannitol), with or without sodium 
chloride, as well as orange juice in the absence or presence of pareoxib.

Effects of luminal hypertonicity on duodenal motility 
Control rats of both rat strains lacked duodenal contraction and luminal hy-
pertonicity, and regardless of the solution constituents, they did not affect 
this condition.  

During perfusion with isotonic saline, the majority of the parecoxib-
treated animals exhibited a motility pattern that resembled the MMC pattern 
in conscious fasted rats (Axelsson et al. 2003). Perfusion with the various 
hypertonic solutions reversibly suppressed the parecoxib-induced motility in 
all groups of the DA strain, except in the orange juice group. In the SD-
strain, a significant decrease in duodenal motility was only observed in the 
D-mannitol-NaCl group. 

Effect of luminal hypertonicity on luminal alkalinisation 
The effects of hypertonic perfusion on luminal alkalinisation are quite com-
plex and are summarised in Table 1. In control animals of both rat strains 
and in parecoxib-treated SD rats, luminal hypertonicity induced no or very 
weak effects on luminal alkalinisation. In contrast, perfusion with hypertonic 
solutions markedly affected luminal alkalinisation in parecoxib-treated DA 
rats. 
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Table 1. The effect of duodenal perfusion with hypertonic solutions on luminal 
alkalinisation in control and parecoxib-treated Sprague Dawley and Dark Agouti rats 
is shown. 

Duodenal luminal alkalinisation (µmol · cm-2 · h-1) 

Strain Solution Treatment Basal (0-30) Hyper (60-90) Change (%) n 

DA NaCl Ctrl 9.6 ± 0.7 12.5 ± 0.7 * 30.6 7 
DA D-glucose-NaCl Ctrl 8.3 ± 0.6 7.3 ± 0.6 -12.0 7 

DA D-glucose Ctrl 10.1 ± 1.7 6.5 ± 1.3 -35.6 5 
DA D-mannitol-NaCl Ctrl 9.0 ± 1.2 8.6 ± 1.0 -5.3 7 
DA NaCl Pare 19.7 ± 0.9 22.8 ± 1.1 * 15.5 9 
DA D-glucose-NaCl Pare 26.2 ± 1.5 19.0 ± 0.8 *** -27.6 8 
DA D-glucose Pare 19.2 ± 0.8 10.5 ± 0.5 *** -45.3 8 
DA D-mannitol-NaCl Pare 20.3 ± 1.9 16.6 ± 1.2 -18.1 9 

SD NaCl Ctrl 3.5 ± 0.6 5.0 ± 1.2 43.7 6 
SD D-glucose-NaCl Ctrl 3.3 ± 0.5 2.8 ± 0.3 -14.7 6 
SD D-glucose Ctrl 7.0 ± 1.0 6.4 ± 0.7 -7.5 6 
SD D-mannitol-NaCl Ctrl 3.1 ± 0.4 4.2 ± 0.7 36.0 6 
SD D-mannitol Ctrl 3.4 ± 0.2 5.1 ± 0.5 49.9 6 

SD NaCl Pare 4.4 ± 1.0 8.1 ± 1.9 ** 85.6 8 
SD D-glucose-NaCl Pare 6.5 ± 1.1 6.5 ± 0.8 0.2 8 
SD D-glucose Pare 8.2 ± 0.6 6.7 ± 0.3 -18.5 6 
SD D-mannitol-NaCl Pare 6.5 ± 1.7 7.1 ± 1.5 8.1 8 
SD D-mannitol Pare 4.9 ± 0.3 5.8 ± 0.5 18.3 8 
SD NaCl 800 mOsm Pare 4.4 ± 0.3 7.6 ± 0.6 *** 73.5 8 

Basal is the mean rate of luminal alkalinisation during perfusion with isotonic saline (0-30 min).  
Hyper signify the rate of luminal alkalinisation during the hypertonic perfusion period (60-90min). *P < 
0.05, **P < 0.01 and ***P < 0.001 compared with the 10- 20- and 30-min values within the same group 
(repeated measures one-way ANOVA with Tukey’s multiple comparison test). Values are mean ± SEM. 
 
 

Effect of luminal hypertonicity on mucosal permeability 
Perfusion of the duodenum with a hypertonic solution had no the effect on 
blood-to-lumen clearance of 51Cr-EDTA in control rats, regardless of strain 
or solution used. Similarly, there was no effect on 51Cr-EDTA clearance in 
parecoxib-treated SD rats, with the exception of the hypertonic NaCl-group, 
in which a small increase in 51Cr-EDTA clearance was observed at the end 
of the hypertonic perfusion period. Parecoxib-treated DA rats responded to 
luminal hypertonicity with a marked increase in 51Cr-EDTA clearance in all 
groups. 
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Effect of luminal hypertonicity on net fluid flux 
The hypertonicity-induced net fluid secretion differed in response to the 
various solutions, as well as between the two rats strains, despite having 
approximately the same osmolality. The hypertonicity-induced absolute net 
flux data are summarised in Table 2.  

In control animals, the hypertonicity-induced fluid secretion was roughly 
equivalent in the two rat strains. The mean values were not significantly 
different in any of the groups, regardless of whether fluid flux was expressed 
as absolute or change in net fluid flux. Remarkably, perfusion of the duode-
num with the hypertonic D-glucose solution did not significantly affect net 
fluid flux either in SD or DA rats. Furthermore, both DA and SD control rats 
responded to the hypertonic D-glucose-NaCl solution with a very weak and 
irregular increase in net fluid secretion, which was significantly lower than 
secretion observed in response to the hypertonic NaCl solution. Interestingly, 
luminal perfusion of the duodenum with the hypertonic D-mannitol solutions 
(in SD control rats) induced a net fluid secretion that was similar to that elic-
ited by the hypertonic NaCl solution.  

Treatment with parecoxib markedly augmented the hypertonicity-induced 
fluid secretion in all groups of both rat strains. Interestingly, both the abso-
lute net fluid flux and the change in net fluid flux were higher in parecoxib-
treated DA rats than in parecoxib-treated SD rats. Furthermore, in parecoxib-
treated DA rats, the hypertonicity-induced change in net fluid secretion in 
response to D-glucose was lower than in response to all the other hypertonic 
solutions except for orange juice, which had a flux rate of similar magnitude.  

Effect of luminal hypertonicity on duodenal osmoregulation 
The capacity of the duodenum to decrease luminal hypertonicity was equiva-
lent in SD and DA control animals (Table 2). Duodenal osmoregulation was 
significantly lower in the D-glucose group compared to both NaCl and D-
mannitol-NaCl in the DA control animals. No significant differences were 
observed in the SD control animals. Parecoxib significantly improved the 
osmoregulating capability of the duodenum in all groups, with the exception 
of the SD D-mannitol-NaCl group. Furthermore, parecoxib-treated DA rats 
demonstrated a greater capability to decrease luminal hypertonicity than 
parecoxib-treated SD rats. Duodenal osmoregulation was significantly lower 
in the D-glucose group, compared with both the NaCl and the D-glucose-
NaCl groups, in the parecoxib-treated DA animals. In the parecoxib-treated 
SD-rats, the duodenal osmoregulation was significantly lower in response to 
D-mannitol than to NaCl. 
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Perfusion with a 800 mOsm NaCl solution 
Perfusion of the duodenum with the 700 mOsm NaCl solution did not give 
rise to comparable effects on duodenal functions in the parecoxib-treated SD 
and DA rats. The explanation for these strain differences in responsivity to 
luminal hypertonicity is currently unknown, but this observation could signi-
fy that SD rats are less sensitive to luminal hypertonicity than DA rats. It 
was therefore of interest to study the effects of a higher level of luminal os-
molality, i.e., 800 mOsm, in parecoxib-treated SD rats.  

The effects of the 800 mOsm NaCl solution on LA and 51Cr-EDTA clear-
ance were comparable to those observed in response to 700 mOsm NaCl. 
However, duodenal motility was transiently depressed by luminal perfusion 
of the duodenum with 800 mOsm, and the hypertonicity-induced absolute 
fluid flux and the decrease in luminal osmolality were slightly greater in 
response to 800 than to 700 mOsm. 

Effect of luminal perfusion with orange juice 
Because the osmolality of freshly squeezed orange juice is close to 700 
mOsm, mainly due to the high concentrations of di- and monosaccharides 
and a very low NaCl content, it was of interest to examine whether perfusion 
of the duodenum with orange juice induces the same effects on duodenal 
function as the NaCl-free hypertonic monosaccharide solution.  

Interestingly, luminal perfusion with orange juice decreased 51Cr-EDTA 
clearance in the SD and prevented the rise in the DA rats. Orange juice did 
not affect duodenal motility in either rat strain. Furthermore, there was no 
difference in absolute fluid flux or the ability to decrease effluent osmolality 
between the two rat strains (Fig 23). 
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Figure 23. The effects of duodenal perfusion with orange juice on blood-to-lumen 
clearance of 51Cr-EDTA (A); duodenal motility (B); absolute net fluid flux (C) and 
the ability to adjust luminal osmolality (D) in parecoxib-treated SD and DA rats are 
shown. The shaded area depicts the hypertonic perfusion period. Values are mean ± 
SEM. *P < 0.05 and **P < 0.01 compared with the 10-, 20- and 30-min values with-
in the SD group. 

Summary Study III 
Control rats of both rat strains responded to luminal hypertonicity in a very 
similar manner with regard to all physiological variables studied. The find-
ing that luminal perfusion of the duodenum with a NaCl-free hypertonic D-
glucose solution did not induce a net fluid secretion in control rats of both 
strains may suggest that the duodenal epithelium possesses the ability to 
absorb fluid against a large osmotic gradient.  

Treatment with the selective COX-2 inhibitor induced duodenal contrac-
tions, increased luminal alkalinisation and augmented the responsiveness of 
the duodenum to luminal hypertonicity in both DA and SD rats. However, 
COX-2 inhibition revealed notable differences, both quantitatively and quali-
tatively, between the two rat strains in the duodenal response to hypertonici-
ty. The hypertonicity-induced fluid secretion and the osmolality-adjusting 
capability turned out to be greater in the DA than in the SD rat strain. DA but 
not SD rats responded to luminal hypertonicity with a depression of duodenal 
motility and an increase in epithelial paracellular permeability. Interestingly, the 
clear-cut differences between the two rat strains in the duodenal response to the 
various hypertonic solutions were not observed in response to the perfusion with 
orange juice.  
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Discussion 

Why COX-2 inhibition? 
To reveal and gain deeper knowledge into the mechanisms involved in vari-
ous physiological processes, researchers are compelled to conduct experi-
ments in anaesthetised animals subjected to extensive surgery. However, 
both anaesthesia and the operative procedures are likely to distort the pro-
cesses that the investigators intend to study. Unfortunately, researchers fre-
quently ignore this problem, and it is therefore important to elucidate those 
mechanisms that are activated/inactivated in response to anaesthesia and 
operative procedures to better understand the boundaries of “normal” physi-
ology.  

A major aim of this thesis was to investigate the effect of COX-2 inhibi-
tion on duodenal function in anesthetised rats that were subjected to ab-
dominal surgery. The main impetus for conducting this research is that 
COX-2-derived prostanoids play a crucial role in causing postoperative ileus 
(Schwarz et al. 2001, Kreiss et al. 2003, Josephs et al. 1999, Schwarz et al. 
2004, Boeckxstaens & de Jonge 2009, Fornai et al. 2010). The surgical-
induced production of COX-2-derived prostanoids may possibly suppress 
smooth muscle activity either directly or indirectly by sensitising inhibitory 
neural pathways to the musculature. An important question in this context is 
whether the COX-2 isoform is constitutively expressed in healthy intestine 
or if it is induced in response to tissue injury and inflammation? Unfortu-
nately, it is difficult to provide a straightforward answer to that question, 
given the divergent reports in the literature. Nevertheless, the expression of 
COX-2 lacks strong regulation in rat and human small intestine in response 
to gut manipulation, especially in the muscularis externa (Schwarz et al. 
2001, Kalff et al. 2003). Furthermore, rofecoxib and celecoxib, two selective 
COX-2 inhibitors, do not affect the mucosal content of PGE2 in rats (Tanaka 
et al. 2002b). Although the expression of COX-2 in the duodenum was not 
assessed in this thesis, there is good reason to assume that the abdominal 
manipulation also induces, or up-regulates, the production of COX-2 in the 
rat duodenum. 

Previous results from our laboratory and those presented in this thesis 
clearly indicate that COX-2 inhibition restores duodenal motility, stimulates 
luminal alkalinisation and improves the responsiveness to both luminal hy-
po- and hypertonicity in rats that are subjected to anaesthesia and abdominal 
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surgery (Nylander & Sjöblom 2007, Pihl & Nylander 2006, Sedin et al. 
2012). These physiological responses in COX-2 inhibited rats are abolished 
or reduced by nicotinic receptor blockade, suggesting the involvement of a 
neural mechanism. Hence, alleviating postoperative ileus by COX-2 inhibi-
tion may feasibly change the activity of the enteric nervous system, which in 
turn can improve the ability of the intestine to sense and respond to different 
luminal stimuli. In this regard, it should be noted that COX-2 inhibitors have 
no effect on gastric or small bowel transit in healthy humans or conscious 
rats, suggesting that COX-2 does not participate or plays a minor role in the 
regulation of gastrointestinal motility during normal conditions 
(Korolkiewicz et al. 2003, Bouras et al. 2004, Fornai et al. 2010).  

Are there any disadvantages to treating anaesthetised rats with a COX in-
hibitor? Yes, there certainly are disadvantages. Abdominal surgery consti-
tutes a potential threat to the maintenance of whole-body homeostasis. In the 
long run, COX-2-derived prostanoids have beneficial effects in the gut, giv-
en that they have been reported to stimulate cell proliferation, reduce apop-
tosis and promote angiogenesis, all of which can facilitate healing and repair 
(Cao & Prescott 2002, Zha et al. 2004, Rajakariar et al. 2006, Khan et al. 
2011). However, for a shorter period of time, i.e., hours, COX-2-derived 
prostanoids clearly have unphysiological effects on select duodenal func-
tions, thereby confounding interpretations of the data.  

Clearly there are some potentially disadvantages in treating animals with 
NSAIDs, given that they may induce serious adverse effects, such as muco-
sal erosions, bleeding and ulcers. However, selective COX-2 inhibitors are 
better accepted by the GI-system than NSAIDs, and short-term inhibition of 
COX-2 does not induce mucosal damage in the gastrointestinal tracts of 
healthy rodents (Sigthorsson et al. 2002, Tanaka et al. 2002a, Warner & 
Mitchell 2004).   

Does COX-2 inhibition always induce duodenal contractions in rats sub-
jected to abdominal surgery? On rare occasions, i.e., in 1 out of 10 experi-
ments, parecoxib fails to induce duodenal contractions or produces a very 
weak motor response (e.g., non-responders). This lack of response is most 
likely due to that the degree of duodenal ileus resulting from the operative 
procedures, which vary in range from mild to severe. Hence it appears that 
other inhibitory mechanisms may be activated by the abdominal operation, 
such as the increased production of NO (Kalff et al. 2000). Interestingly, rats 
that do not respond to parecoxib with duodenal contractions behave and 
respond almost exactly as control rats perfused with a hypertonic solution. 

 Occasionally, we encounter control rats that exhibit spontaneous duode-
nal contractions, and these rats respond to luminal hypo- or hyper-tonicity 
similar to those treated with parecoxib. These results may suggest that the 
presence of repetitive duodenal contractions is a good indicator of the func-
tional status of the duodenum and therefore represent a more “normal” con-
dition than that observed in rats with duodenal ileus (Fig 24). 
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Figure 24. The effect of luminal perfusion of the duodenum with a hypertonic solu-
tion on some duodenal functions in non-responders and spontaneously contracting 
animals are shown. A and B show the effect of luminal perfusion with a 700 mOsm 
NaCl solution on the net fluid flux and the osmoregulation in control, parecoxib-
treated and non-responder SD rats respectively. C and D show the effect of luminal 
perfusion with a 700 mOsm D-glucose-NaCl solution on the net fluid flux and the 
osmoregulation in control, parecoxib-treated and non-responder SD rats, respective-
ly. Finally the effect of luminal perfusion with a 700 mOsm NaCl solution on the net 
fluid flux (E), osmoregulation (F), luminal alkalinisation (G) and the blood-to-lumen 
clearance of 51Cr-EDTA (H) in control, parecoxib-treated and spontaneously con-
tracting DA rats are shown. The shaded area depicts the hypertonic perfusion period. 
Values are mean ± SEM.
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Duodenal luminal alkalinisation 
As already mentioned, NSAIDs are known to cause adverse effects in the 
gastrointestinal tract, such as mucosal erosions, bleeding and ulcers (Fang et 
al. 1977, Bjarnason et al. 1986, Bjarnason et al. 1987). These side effects are 
attributed to the deficiency of endogenous prostaglandins, the foremost of 
which is PGE2, which are caused by the inhibition of both COX isoforms 
(Palileo & Kaunitz 2011). Furthermore, NSAIDs are powerful inhibitors of 
duodenal mucosal bicarbonate secretion in several animal species, including 
humans (Flemstrom 1980b, Flemstrom et al. 1982, Konturek & Thor 1986, 
Selling et al. 1987). Remarkably, indomethacin administered to anaesthe-
tised rats subjected to abdominal surgery stimulates duodenal luminal alka-
linisation in several rat strains (Nylander 2011). Since the first publication 
(Nylander et al. 1995) of this controversial finding, much research has been 
conducted to elucidate the mechanisms by which NSAIDs increase luminal 
alkalinisation in rats. A full summery of these results was recently published 
in a review by Nylander (Nylander 2011), some of which are included in this 
thesis (Study I). 

In vitro studies on frog gastric mucosa and the duodenal mucosa of the 
rabbit, mouse and rat have shown that the efflux of HCO3

- is significantly 
reduced by the removal of Cl- from the luminal solution (Flemstrom 1980a, 
Spiegel et al. 2003, Simpson et al. 2005). In Study I, we demonstrated that 
luminal Cl- is critically important for luminal alkalinisation in the rat duode-
num in vivo as well, thus confirming previous in vitro data. We found that 
substituting luminal Cl- with sulphate, gluconate, or nitrate substantially 
reduced basal luminal alkalinisation by approximately 50% in control rats 
and up to 76% in parecoxib-treated animals. Moreover, a reduction in the 
luminal [Cl-] in turn decreased alkalinisation in a concentration-dependent 
manner. Because Cl-/HCO3

- exchangers, such as SLC26A6 and SLC26A3, 
are present in the apical plasma membrane of rodent duodenal epithelial cells 
(Wang et al. 2002, Xu et al. 2003), it seems likely that the removal or reduc-
tion of luminal [Cl-] reduces luminal alkalinisation by decreasing the activity 
of luminal Cl-/HCO3

- exchange. In contrast to the duodenum, the jejunum 
exhibited an extremely low rate of luminal alkalinisation, and LA in the je-
junum appeared to be more or less insensitive to the removal of luminal 
chloride, suggesting that this epithelium either lacks or has relatively few Cl-

/HCO3
- exchangers in their apical cell membranes.    

Nylander et al., have previously proposed that the stimulatory effect of 
COX inhibition on duodenal LA is due to the activation of a motility-
induced intramural reflex. A close coupling between duodenal motility and 
mucosal alkaline secretion is not unique to the rat, as it also exists in humans 
and conscious dogs (Konturek & Thor 1986, Mellander et al. 1993). We then 
sought to investigate whether and to what extent the motility-stimulated in-
crease in luminal alkalinisation, induced by parecoxib, was dependent on 
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luminal Cl-. The parecoxib-induced increase in luminal alkalinisation, but 
not motility, was highly dependent on luminal Cl-, i.e., the increase in LA 
was almost abolished in the absence of luminal Cl-. These results suggest 
that COX-2 inhibition most likely enhances HCO3

- efflux through the activa-
tion of apical Cl-/HCO3

- exchangers. 
VIP is a well-known activator of CFTR and it increases luminal alkalini-

sation and fluid secretion in the rat duodenum in vivo. Thus it was of interest 
to examine whether the VIP-induced stimulation of LA and fluid secretion is 
dependent on luminal Cl-. Data indicated that the intravenous infusion of 
VIP was equally effective in stimulating luminal alkalinisation in the ab-
sence and presence of luminal Cl-, suggesting that VIP and parecoxib stimu-
late duodenal mucosal alkaline secretion through different mechanisms. This 
view is supported by a recent finding in our laboratory showing that VIP also 
increases luminal alkalinisation in the rat duodenum in rats pre-treated with 
parecoxib (Nylander & Sjöblom 2007).  

When comparing these data with previous results (Sababi & Nylander 
1994, Nylander et al. 2001), it is thus proposed that surgical trauma may 
induce, or augment, the formation and activity of COX-2 in the muscularis 
externa, resulting in increased production of prostanoids that inhibit the 
normal peristaltic activity in the duodenum (Fig 25). Because the inhibition 
of duodenal motility inactivates the intramural reflex that, under normal 
circumstances, stimulates luminal alkalinisation, the resulting effect is an 
attenuation of LA. Accordingly, the inhibition of COX-2 in rats with postop-
erative duodenal ileus will activate a nicotinic receptor-dependent intramural 
reflex that stimulates duodenocytes, resulting in an increased activity of api-
cal Cl-/HCO3

- exchangers (Nylander 2011). The neurotransmitter, or para-
crine factor, that stimulates the duodenocytes to increase the HCO3

- efflux in 
COX-2-inhibited rats remains undetermined. Similarly, the prostanoid that 
inhibits duodenal motor activity is also unknown. Prostaglandin E2 (PGE2) 
and prostacyclin (PGI2) are both abundantly expressed and associated with 
important physiological functions in the GI tract during normal non-
inflammatory conditions (Peskar 2001, Laine et al. 2008). However, the 
prostanoid that inhibits duodenal motor activity is most likely PGI2 given 
that the infusion of iloprost, a stable PGI2 analogue, but not luminal applied 
PGE2, abolishes the indometacin-induced increase in duodenal motility and 
luminal alkalinisation (Sababi et al. 1996, Nylander et al. 1995).  
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Figure 25. Schematic drawing showing how parecoxib stimulates duodenal mucosal 
alkaline transport in anaesthetised rats. Abdominal surgery causes up-regulation of 
the COX-2 isoform in the muscularis externa resulting in increased synthesis of 
prostanoids in this layer. Prostanoids, like PGI2, inhibit smooth muscle activity, 
which inactivates the intramural reflex that under normal circumstances stimulates 
duodenal luminal alkalinization. Administration of parecoxib markedly reduces the 
synthesis of prostanoids via inhibition of COX-2 and induces duodenal wall contrac-
tions, which activates the neural reflex suppressed by POI. The secretomotor neu-
rons release an unknown neurotransmitter that stimulates the enterocytes to increase 
the activity of Cl-/HCO3

- exchangers in the apical cell membrane thereby increasing 
luminal alkalinisation by a Cl--dependent mechanism. (Illustration drawn by author 
modified from Nylander 2011, by permission.) 

 
The effects of the various hypertonic solutions on the luminal alkalinisation 
of the two rat strains were disparate and difficult to interpret. The hypertonic 
NaCl solution induced a small increase in both rat strains, an effect that may 
be due to the elevated luminal Cl- concentration stimulating apical Cl-/HCO3

- 
exchangers. The two hypertonic D-glucose solutions decreased the LA only 
in the parecoxib-treated DA rats. The LA decrease in response to the D-
glucose-NaCl solution in the DA rats may reflect the activation of the sodi-
um-glucose linked cotransporter SGLT1 (SLC5A1), which has been shown 
to stimulate the H+/Na+ exchanger NHE3 (SLC9A3) in vivo (Lin et al. 
2011). Supporting this view is the finding that the hypertonic D-mannitol-
NaCl solution, which should not activate SGLT-1, did not significantly re-
duce the LA. The decrease in the luminal alkalinisation in response to the 
NaCl-free D-glucose solution in the parecoxib-treated DA rats is most likely 
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attributable to the lack of luminal Cl-, which has been shown to reduce LA in 
this rat strain (Pihl et al. 2010). The lack of an effect of the NaCl-free D-
glucose solution on the luminal alkalinisation of the DA and SD control rats 
could reflect a low activity of the apical Cl-/HCO3

- exchangers. Preliminary 
results from our laboratory show that the decrease in duodenal LA in re-
sponse to Cl--free solutions in SD rats is linearly correlated to the basal LA; 
i.e., the higher the basal rate, the greater the inhibition.  

In conclusion, there was no general effect of hypertonicity on luminal al-
kalinisation, suggesting that it is the constituents of the hypertonic solutions 
rather then the high osmolality per se that influence luminal alkalinisation. 
Furthermore, it appears that the parecoxib treatment augments the sensitivity 
of the duodenal epithelium to the inhibition of LA by the hypertonic D-
glucose solution in DA rats but not in SD rats, which most likely reflects a 
major difference in the expression and/or activity of ion and solute transport-
ers in the duodenal epithelium. 

The duodenal osmoregulation 
The prevailing dogma in physiological textbooks and recent related reviews 
is that the adjustment of luminal osmolality in the small intestine is achieved 
predominately by passive transport processes, such as osmosis and diffusion. 
The "leaky" characteristic of the small intestinal epithelium (Powell 1981, 
Diamond 1978, Ma et al. 1991, Ma et al. 2012) implicates that a substantial 
part of the osmosis-induced fluid transport across the epithelium occurs 
paracellularly. However, in Studies II and III, a large number of experi-
mental data are presented to suggest that the adjustment of luminal hyperto-
nicity is, at least in part, a physiologically regulated process. The experi-
mental evidence is as follows: 

1. In Study II, it was shown that the hypertonicity-induced fluid secretion 
was markedly greater in COX-2 inhibited rats than in control rats for all 
osmolalities tested. A reasonable explanation for this may be that parecoxib, 
by inducing duodenal wall contractions, increases the accessibility of the 
hypertonic solution to deeper regions of the villous epithelium, thereby re-
sulting in a larger functional surface area for exchange of water and electro-
lytes. However, it should be noted that the duodenum was thoroughly 
flushed with the hypertonic solution, at a high rate, immediately before the 
start of the perfusion with the hypertonic solution, which also allowed the 
hypertonic fluid to reach deeper layers of the intervillous space. Further-
more, the hypertonicity-induced fluid secretion peaked at a luminal osmo-
lality of 500 mOsm kg-1 in both control and parecoxib-treated animals. If the 
difference in fluid secretion between control and parecoxib-treated animals 
is due entirely to a larger functional surface area in parecoxib-treated ani-



 63 

mals, it seems reasonable to assume that the rate of fluid secretion in control 
animals would gradually approach the rates in parecoxib-treated animals as 
luminal osmolality increases. However, such a tendency was not observed. 
Moreover, in the presence of an elevated intraluminal pressure, which has 
been shown to broaden the intervillous space and to increase the absorption 
of D2O (Winne 1979, Harris et al. 1988, Harris & Kennedy 1988) the hyper-
tonicity-induced fluid secretion was significantly lower than that in parecox-
ib-treated animals, suggesting that some other mechanism, in addition to the 
increase in the functional surface area, contributes to the high secretion in 
parecoxib-treated rats. To what extent duodenal motor activity contributes to 
facilitate the osmolality-adjusting capability remains uncertain. 

2. The osmolality-adjusting capability turned out to be considerably im-
proved in parecoxib-treated animals, compared to control rats and those ex-
posed to luminal distension. An interesting finding was that the osmolality-
adjusting capability in both control and parecoxib-treated rats was linearly 
correlated to the osmolality of the perfusion solution, despite the fact that 
fluid secretion peaked at a luminal osmolality of 500 mOsm kg-1. This mis-
match between the decrease in luminal osmolality and the rate of fluid secre-
tion suggests that, in parecoxib-treated rats, NaCl absorption contributes 
significantly to the adjustment of osmolality when the luminal NaCl concen-
tration exceeds 260 mM (500 mOsm kg-1). 

3. In parecoxib-treated L/DA rats (Study II), it was shown that the increase 
in fluid secretion and the decrease in luminal osmolality, in response to lu-
minal perfusion with the 700 mOsm NaCl solution, were markedly attenuat-
ed by mecamylamine and hexamethonium. Interestingly, during the perfu-
sion with the hypertonic solution the duodenal motility index, i.e., AUC, did 
not differ between parecoxib and parecoxib plus mecamylamine-treated rats, 
thereby suggesting that the lower fluid secretion in mecamylamine-treated 
rats could not be explained by a reduction of duodenal motility. These results 
may thus suggest the luminal hypertonicity increases fluid secretion via acti-
vation of a nicotinic acetylcholine receptor-dependent neural mechanism.  

4. There was no difference in the hypertonicity-induced fluid secretion and 
the decrease in luminal osmolality between SD and DA control rats. Howev-
er, treatment with parecoxib markedly improved the hypertonicity-induced 
net fluid secretion and the ability to decrease luminal osmolality not only in 
DA but also in SD rats, indicating that this may be a general phenomenon. 
Importantly, the increase in fluid secretion and the osmolality-regulating 
capability were both significantly greater in the DA strain. The most feasible 
explanation for this strain difference is that the hypertonicity-induced fluid 
secretion is due to the stimulation of an active transport process, possibly 
originating from deep layers of the mucosa. A higher expression or activity 
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of ion transport proteins in enterocytes of the DA rat strain may account for 
the differences in fluid secretion between the two rat strains. 

5. The hypertonicity-induced increase in net fluid secretion was highly de-
pendent on the composition of the hypertonic solution, particularly in control 
rats. To our great surprise, perfusion of the duodenum with the hypertonic 
(700 mOsm) D-glucose solutions failed to induce fluid secretion (or induced 
a weak and transient one) in control animals. Hence, despite the presence of 
a presumed 400 mOsm osmotic gradient between the lumen and blood, no 
net fluid secretion was observed. Interestingly, perfusion with the NaCl-free 
D-mannitol solution induced a net fluid secretion equal in magnitude to the 
hypertonic 700 mOsm NaCl solution. These findings are incompatible with 
the view of a "leaky" duodenal epithelium. Instead, these data may suggest 
that the duodenal epithelium can absorb fluid against a substantial osmotic 
gradient.  

6. In parecoxib-treated DA rats, the perfusion of the duodenum with a hyper-
tonic NaCl-free D-glucose solution or orange juice, the latter having a very 
low NaCl content, induced a lower increase in fluid secretion than that in-
duced by the hypertonic D-glucose plus NaCl solution. These results may 
suggest that the hypertonicity-induced fluid secretion is dependent on lu-
minal NaCl, which supports the notion of an active secretory transport pro-
cess. 

7. When the effects of the various hypertonic solutions on the duodenal func-
tions were compared between parecoxib-treated DA and SD rats, it was 
found that the DA strain was more responsive than the SD strain for all solu-
tions tested, except for orange juice. Luminal perfusion of the duodenum 
with orange juice produced roughly the same responses in the two rat strains. 
Perfusion with orange juice failed to suppress duodenal motility and pre-
vented the hypertonicity-induced increase in duodenal mucosal permeability 
in the DA rat. In the SD rat, orange juice decreased 51Cr-EDTA clearance. 
Furthermore, the hypertonicity-induced increase in net fluid secretion and 
the osmolality adjusting capability were not different between the two rat 
strains. Taken together, the results hint that the hypertonicity-induced re-
sponses are subjected to regulation and that some as yet unknown ingredient 
in orange juice suppresses some of the hypertonicity-induced responses es-
pecially in the DA rat strain.  

In conclusion, several observations have been provided in this thesis to sug-
gest that the adjustment of luminal hypertonicity in the rat duodenum is a 
physiologically regulated process. 
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Duodenal mucosal permeability 
In DA, but not in parecoxib-treated SD rats, perfusion of the duodenum with 
hypertonic solutions > 500 mOsm kg-1 depressed motility and increased mu-
cosal permeability. Interestingly, the inhibition of motility and increase in 
epithelial permeability coincided fairly well with the culmination of net fluid 
secretion. Hence, when the hypertonicity-induced fluid secretion reaches its 
maximal rate, which occurs at an osmolality of 500 mOsm, the duodenum 
responds with an inhibition of motility and an increase in epithelial paracel-
lular permeability. The physiological function of these responses, if any, is at 
present unknown. Furthermore, it is not clear why DA, but not SD, rats re-
sponded to 700 mOsm with a marked increase in mucosal permeability or a 
decrease in duodenal motility. A simple explanation may be that the DA rats 
are more "responsive" due to a more sophisticated repertoire of physiological 
reactions than the SD strain. Alternatively, the DA strain may be more vul-
nerable to hypertonicity-induced disturbances of mucosal integrity. 

It is unclear what factors underlie the hypertonicity-induced increase in 51Cr-
EDTA clearance in parecoxib-treated rats. We can exclude the possibility that 
an increased accessibility of the hypertonic solution to deeper regions of the 
villous epithelium causes the increase in mucosal permeability, given that 
the perfusion of the duodenum with 700 mOsm kg-1 saline did not affect 
51Cr-EDTA clearance in animals exposed to luminal distension. The hyperto-
nicity-induced increase in permeability is most likely time-dependent because 
approximately 40 min elapsed before a significant increase in 51Cr-EDTA clear-
ance was observed. Conversely, an intermittent perfusion of the duodenum with 
700 mOsm kg-1 for 2.5 min at a time did not increase 51Cr-EDTA clearance. 
Interestingly, the kinetics of the increase in mucosal permeability in response to 
luminal hypertonicity differ from those observed in response to perfusion with 
hypotonic solutions (Nylander & Sjöblom 2007, Pihl & Nylander 2006), with 
the latter showing a rapid increase in permeability that is fully reversible 20 min 
after cessation of the perfusion with the hypotonic solution. This suggests that 
luminal hyper- and hypo-tonicity increase mucosal permeability through differ-
ent mechanisms.  

We cannot exclude the possibility that the inhibition of COX-2 increases 
the susceptibility of the duodenum to the 600- to 700-mOsm-induced dis-
turbance of mucosal integrity. However, recent findings have shown that 
short-term inhibition of COX-2 does not induce mucosal damage in the gas-
trointestinal tract of healthy rats (Sigthorsson et al. 2002, Tanaka et al. 
2002a, Warner & Mitchell 2004). Furthermore, luminal perfusion with 700 
mOsm NaCl increases mucosal permeability, albeit to a lesser extent, in sponta-
neously contracting animals not treated with a COX inhibitor (Fig 25H). More-
over, luminally applied mecamylamine or intravenously administered hex-
amethonium abolished the hypertonicity-induced increases in 51Cr-EDTA 
clearance in parecoxib-treated L/DA rats. Therefore, it seems unlikely that the 
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hypertonicity-induced increase in mucosal permeability in COX-2 inhibited 
rats reflects mucosal damage. Instead these results suggest that the increase in 
mucosal permeability is mediated via a neural mechanism involving the activa-
tion of nicotinic receptors, thus reflecting the presence of a physiologically regu-
lated process. 

Duodenal motility 
Control animals of both strains exhibited no, or very few, spontaneous duo-
denal contractions during perfusion with isotonic saline, and none of the 
hypertonic solutions tested altered this finding. In contrast, all parecoxib-
treated animals exhibited duodenal contractions, although the mean AUC 
values were somewhat lower in the SD strain. It is unclear whether this dis-
crepancy reflects a true difference in motor activity or is due to the technique 
for assessment of motility. Nevertheless, the data confirm previous observa-
tions that COX-2 inhibition prevents postoperative ileus (Josephs et al. 
1999).  

None of the hypertonic solutions, with the exception of solutions with an 
osmolality of 700 mOsm and above, affected motility in parecoxib-treated 
animals. An instant (within min) and transient stimulation of duodenal motil-
ity was observed in response to perfusions with 700 mOsm kg-1, which is in 
agreement with findings in other species (Gregory et al. 1984, Thompson & 
Wingate 1988, Lin et al. 1994). However, in DA rats and over a longer peri-
od of time (that is, 10 min and longer), the dominant effect of 700 mOsm kg-

1 on motility was inhibitory. This effect was fully reversible after cessation of 
the hypertonic perfusion and occurred for all types of hypertonic solutions, 
except for orange juice. Thus, it appears that the inhibition of duodenal mo-
tility is due to the high luminal osmolality rather than the high concentration 
of individual constituents. However, it appears that an ingredient in orange 
juice may prevent the hypertonicity-induced inhibition of duodenal motility.  

The long-lasting inhibition of duodenal motility agrees well with the finding 
reported by Schmid & Ehrlein (1993) in canine jejunum in vivo. However, 
the reason that the 700 mOsm solutions did not produce a clear-cut inhibi-
tion of the duodenal motility of SD rats is unclear. Increasing the luminal 
osmolality to 800 mOsm in the SD rats induced a transient decrease in the 
duodenal motility, suggesting that the sensory elements are less sensitive to 
hypertonicity than are the corresponding sensors in the DA strain.  

The mechanism by which 700-mOsm kg-1 saline affects duodenal motility 
is not known, but it likely involves the activation of two different sensory 
receptors in or beneath the duodenal epithelium (Mei 1985). In this regard, it 
is interesting to note that the inhibition of motility and increased epithelial 
permeability coincided fairly well with the culmination of fluid secretion. 
Thus, when the duodenal epithelium is continuously exposed to a luminal 
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osmolality exceeding 500 mOsm kg-1, signals (neuronal or humoral) are 
transmitted to slow down motor activity and to increase mucosal permeabil-
ity. The physiological function of these changes, if any, is poorly under-
stood, but they could reflect the activation of mechanisms that delay the 
movement of the hypertonic fluid into the jejunum, thereby allowing more 
time for the duodenum to adjust luminal osmolality. 

Integrative aspects 
As mentioned previously, the main function of duodenal luminal alkalinisa-
tion is to neutralize the acid discharged from the stomach, thereby protecting 
the epithelium from acid-induced injury. However, LA may also contribute 
to the adjustment of luminal osmolality. Exposing a living cell to either a 
hypotonic or a hypertonic solution causes the cell to swell or shrink, respec-
tively. Control of cell volume is essential for all animal cells and involves 
active transport of ions in and out of the cell. The regulation of epithelial cell 
volume is a complex process that is dependent on capillary blood flow for 
the delivery of plasma fluids and electrolytes as well as oxygen to meet the 
metabolic demands of the cell (Chang & Rao 1994). Unfortunately, it is very 
difficult to elucidate the mechanisms participating in the regulation of cell 
volume in an in vivo model as ours. It is therefore easy to understand why 
cell volume regulation is studied predominately in various in vitro systems. 
As mentioned above, exposing a cell to a hypertonic environment induces 
cell shrinkage that will activate countermeasures to restore cell volume, 
known as regulatory volume increase (RVI). Theses countermeasures in-
volves the accumulation of ions, mostly Cl- and K+, through the activation of 
Na+K+2Cl- cotransport, Na+/H+ and HCO3

-/Cl- exchange, the release and 
formation of osmotically active substances like inositol, sorbitol, betaine, 
taurin and glycerophosphocholine and the transport of Na+ out of the cell by 
basolateral Na+/K+-ATPase (Okada 2004, Neuhofer & Beck 2005, Lim et al. 
2007, Lang 2007). The parallel activation of apical Na+/H+ and HCO3

-/Cl- 
exchangers will result in a net absorption of NaCl and a net secretion of 
HCO3

- and H+. Luminally acid and bicarbonate will react to form carbon 
dioxide and water, which would, at least theoretically, lower the osmolality 
in juxtacellular space. In Study III, it was shown that the basal LA as well as 
the ability to adjust luminal osmolality was considerably greater in parecox-
ib-treated DA than in SD rats. The reason why DA rats have a greater rate of 
LA than SD rats is not known but could reflect a greater number and/or ac-
tivity of apical Cl-/HCO3

- exchangers in DA rats. If that is the case then the 
high LA could also, at least in part, explain the higher capability to decrease 
luminal osmolality in the DA rat. However, as the luminal alkalinisation, but 
not the osmoregulation, was significantly higher in DA than in SD control 
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rats, the contribution of LA to the decrease in luminal osmolality is probably 
relatively small.  

As mentioned earlier, the duodenum adjusts luminal hyperosmolality by 
the secretion of water and probably also by the absorption of solutes. In the 
present thesis the net result of these two transport processes was assessed by 
the determination of transepithelial net fluid flux and the decrease in effluent 
osmolality (Fig 27). It is, however, unclear whether the hypertonicity-
induced fluid secretion is pure water or if it also contains electrolytes. Fur-
thermore, if the secreted fluid does contain electrolytes, which is highly 
probable, what is the osmolality of the fluid? And to what extent does the 
absorption of electrolytes contribute to the adjustment of luminal osmolality? 

With the attempt to gain deeper insight into this complicated process the 
so-called secretory ratio (SR) was determined. Since the osmolality of each 
effluent is known, the volume of water needed to dilute the perfusion solu-
tion osmolality to that of the effluent could be calculated for each sample. 
This is of course a theoretical value, as it would seem unlikely that the duo-
denal epithelium adjusts luminal osmolality by the secretion of pure water 
only. Further, the mean net fluid volume secreted by the duodenum in re-
sponse to luminal hypertonicity was assessed in each experiment and divided 
with the theoretical water volume yielding the SR. The mean SR for each 
experimental group is presented in table 3.  

Table 3. The secretory ratios   
Secretory Ratio (SR) 

 Sprague Dawley   Dark Agouti 
Solution Control Parecoxib  Control Parecoxib 
400 NaCl    1.31 ± 0.24 1.24 ± 0.12 ψ 
500 NaCl    1.08 ± 0.07 1.05 ± 0.06 
600 NaCl    1.04 ± 0.08 0.98 ± 0.08 
700 NaCl 0.87 ± 0.09 1.08 ± 0.03 *  0.98 ± 0.06 0.94 ± 0.04 
800 NaCl  1.12 ± 0.04    
Distension    1.14 ± 0.03 #  
D-glucose-NaCl 0.37 ± 0.08 0.72 ± 0.07 **  0.51 ± 0.12 0.92 ± 0.02 ** 
D-glucose 0.66 ± 0.10 0.93 ± 0.05 *  0.87 ± 0.15 1.05 ± 0.04 
D-mannitol-NaCl 0.60 ± 0.14 1.21 ± 0.06 **  0.74 ± 0.09 1.03 ± 0.05 * 
D-mannitol 1.04 ± 0.10 1.22 ± 0.07    
Orange juice  0.84 ± 0.06   0.86 ± 0.07 

#P < 0.05 compared with Ctrl-700 (t test) and ψP < 0.05 compared with Pare-700  (one-way 
ANOVA with Tukey’s multiple comparison test) within the DA-strain.  
*P < 0.05 and **P < 0.01 compared with the corresponding Ctrl-group within the same rat 
strain (t test). Values are mean ± SEM 

 
Our interpretation of the secretory ratio is as follows: A SR value close to 0 
suggests that the adjustment of luminal osmolality is accomplished solely by 
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the absorption of solutes. If the secretion of water and the absorption of so-
lutes contribute equally to the osmoregulation one would expect a SR value 
close to 0.5. A SR value of 1 could indicate that the osmoregulation is entire-
ly due to the secretion of pure water. Finally, a SR well above 1 suggests that 
the duodenal epithelium secrete a fluid that contains solutes. Hence, as com-
pared to the secretion of pure water, a larger volume of fluid has to be se-
creted to decrease luminal osmolality to an equal extent. Consequently, the 
higher the SR, the greater is the contribution of electrolyte fluid secretion to 
the osmolality adjusting process. 

Perfusion of the duodenum with the hypertonic NaCl solutions resulted in 
SR values very close to 1 except for the hypertonic 400 mOsm NaCl solution 
that had a SR well above 1. According to our interpretation of the secretory 
ratio this would suggests that water secretion is the predominant mechanism 
decreasing luminal osmolality. However, it was observed that the SR values 
decreased as luminal osmolality increased in both the control and the 
parecoxib-treated group. In fact, an excellent negative linear correlation (r2 = 
0.854 and r2 = 0.890 in control and parecoxib-treated animals, respectively) 
was found between the osmolality of the perfusion solution and the secretory 
ratio indicating a progressive increase in solute absorption when luminal 
osmolality increases. The reason why the SR values did not increase in re-
sponse to parecoxib-treatment despite the presence of a markedly greater 
fluid secretion in these animals, suggests that COX-2 inhibition enhances 
solute absorption as well. It is interesting to note that the SR value was high-
er in the Ctrl-Dist than in the Ctrl-700 and Pare-700 groups. This may sug-
gest that the greater osmolality-adjusting capability in rats exposed to lu-
minal distension than in the Ctrl-700 group, is mainly due to an increased 
electrolyte fluid secretion in the former group.  

Interestingly, considerably lower SR values were obtained in control ani-
mals perfused with the hypertonic D-glucose solutions than in those perfused 
with hypertonic NaCl. Furthermore, the SR was significantly lower in re-
sponse to the hypertonic D-glucose-NaCl than to the hypertonic D-glucose 
solution lacking NaCl. These SR values reinforce our notion that solute ab-
sorption, possibly by the activation of SGLT1, significantly contributes to 
the decrease in luminal osmolality in control animals perfused with the hy-
pertonic D-glucose-NaCl solution. In contrast to the hypertonic D-glucose 
group, perfusion with the hypertonic D-mannitol solution resulted in secre-
tory ratios above 1, which is in agreement with the presumed low intestinal 
absorption of mannitol. However, to our surprise the secretory ratios ob-
tained from control animals perfused with the hypertonic D-mannitol-NaCl 
solution were quite low in both rat strains. The mechanism behind this ob-
scure finding is unknown but could indicate the presence of NaCl-dependent 
mannitol absorption. In parecoxib-treated animals that were perfused with 
the hypertonic monosaccharide solutions, the SR values were significantly 
higher than those in the corresponding control groups. This is most probably 
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due to that COX-2 inhibition markedly augments the hypertonicity-induced 
electrolyte fluid secretion.  

Considering the suggested "leakiness" of the duodenal epithelium, there 
were reasons to suspect that a significant part of the transepithelial water 
movement induced by increased luminal osmolality occurs paracellularly 
(Ma et al. 2012). Because favourable diffusive and convective gradients 
existed for the blood-to-lumen movement of 51Cr-EDTA, we anticipated that 
luminal hypertonicity would increase 51Cr-EDTA clearance by solvent drag.
We were therefore surprised to find that no correlation exists between the 
hypertonicity-induced net fluid secretion and the 51Cr-EDTA clearance. The 
lack of correlation between these two variables suggests that the bulk of the 
hypertonicity-induced water secretion occurs through pores other than those 
permeable to 51Cr-EDTA. Although it is tempting to suggest that the pre-
dominant part of the hypertonicity-induced water secretion is transcellular 
we cannot exclude the possibility that some water permeates the duodenal 
epithelium through paracellular pathways that are impermeable to 51Cr-
EDTA. However, since the SR was close to 1 or even lower than 1 in some 
experimental groups, it seems reasonable to suggest that the bulk of the 
blood-to-lumen transport of water occurs transcellularly. 

An intriguing finding in this thesis was that luminal perfusion of the duo-
denum with hypertonic D-glucose solutions did not induce or induced a tran-
sient and weak net fluid secretion in control rats of both strains. There are 
two possible explanations for this finding. 1. The D-glucose containing hy-
pertonic solutions do not increase fluid secretion. 2. The hypertonicity-
induced water secretion is counterbalanced by an equal amount of fluid ab-
sorbed by the duodenal epithelium. Since the D-glucose solutions clearly 
increased fluid secretion in parecoxib-treated rats and since the hypertonic 
D-mannitol, which has molecular structure very similar to D-glucose, in-
creased fluid secretion in control rats, the first alternative seems highly un-
likely. Hence it appears that the duodenal epithelium is capable of absorbing 
fluid against a large osmotic gradient. However, in many papers and in sev-
eral different animal species, including humans, Lundgren and co-worker 
have demonstrated a very high osmolality in the villous-tip lamina propria, 
which gradually decreases towards isotonicity at the base of the villous 
(Hallback et al. 1978, Hallback et al. 1991, Hallback et al. 1980). In the 
upper 30% of the rat jejunal villous length, the mean osmolality in the lami-
na propria was 540 mOsm during the perfusion with isotonic saline 
(Hallback et al. 1991). If the osmolality in duodenal villous lamina propria is 
as high as in the jejunal villi then one could understand why the duodenum 
of the control rats responded with such a low fluid secretion when exposed 
to the hypertonic solutions. Furthermore, the increase in fluid secretion, elic-
ited by luminal perfusion with the 400 or 500 mOsm NaCl solutions, must 
originate from deeper layers of the mucosa. 
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In this thesis the effects of various hypertonic solutions were investigated 
on a number of different duodenal variables in the absence and the presence 
of COX-2 inhibition. During the course of investigation it became evident 
that interpretation of data turned out to be a much more complicated affair 
than we anticipated. Nevertheless, an attempt was made to put the data to-
gether and ask what they meant physiologically and whether a pattern of 
behaviour could be revealed. To explain the findings in this thesis in a more 
comprehensive and integrative manner a working hypothesis was estab-
lished, which is presented in figure 26 and explained below. 

When the duodenal epithelium is exposed to a fluid with a high osmolali-
ty, osmosensitive receptors in, or beneath the epithelium, are stimulated and 
activate a nAChR-dependent intramural reflex, which increases electrolyte 
fluid secretion in the crypts. This conclusion is based on the finding that 
blockade of nicotinic receptors attenuated the hypertonicity-induced fluid 
secretion in L/DA rats. The mechanism by which luminal hypertonicity in-
creases duodenal secretion may thus show some resemblance to that induced 
by cholera toxin or rotavirus (Cassuto et al. 1982, Lundgren et al. 2000, 
Cassuto et al. 1983). The magnitude of the secretory response is dependent 
on the luminal osmolality and the number of activated osmoreceptors, i.e. 
the higher the luminal osmolality, the greater the secretion from the crypts. 
Moreover, the fact that the hypertonicity-induced fluid secretion reached its 
maximal rate at a luminal osmolality of 500 mOsm in both control and 
parecoxib-treaded rats supports the notion of a regulated process. Further-
more, the abdominal operation, which increases the production of COX-2 
derived prostanoids, reduces the sensitivity of this reflex. This would explain 
that inhibition of COX-2 activity markedly increased the hypertonicity-
induced electrolyte fluid secretion. Meanwhile, some of the hypertonic fluid 
is actively absorbed by the epithelium at the upper part of the villi, which 
increases the osmolality in the lamina propria of the villi. Furthermore, the 
absorption of the hypertonic fluid may explain why the SR values are close 
to 1 in animals perfused with the hypertonic NaCl solutions. The reason why 
perfusion with the hypertonic D-glucose solutions do not, or only weakly 
increase net fluid secretion in control rats is because of a concomitant ab-
sorption of the D-glucose solution, which also explains the very low SR val-
ues in these groups. During prolonged perfusion with solutions having the 
highest osmolality, i.e. 600 mOsm and above, the hyperosmolality in the 
villous core expands towards the base of the villous thereby stimulating even 
more osmosensitive receptors. Stimulation of the deep villous core receptors 
activates another nAChR-sensitive neural reflex that dilates a selective num-
ber of large paracellular pores (the "leak" pathway) thereby increasing the 
blood-to-lumen clearance of 51Cr-EDTA. This may explain why it took 
about 40 to 50 min after start of the hypertonic perfusion, before an increase 
in 51Cr-EDTA clearance was observed. The physiological function of the 
increase in mucosal permeability is not known so we can only speculate. It 
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may increase the absorption of solutes thereby contributing to the osmolali-
ty-adjusting process. Another alternative is that some factor in the blood 
circulation, with a size comparable to 51Cr-EDTA is released into the duode-
nal lumen for some unknown reason. Yet another alternative would be that 
the prolonged perfusion with hypertonic solution disrupts mucosa integrity. 
In this regard it is interesting to note that inhibition of motility and increased 
epithelial permeability coincided fairly well with culmination of fluid secretion. 
Thus, when the duodenal epithelium is continuously exposed to a luminal osmo-
lality exceeding 500 mOsm, signals (neuronal or humoral) are transmitted to 
slow down motor activity and to increase mucosal permeability. Whether the 
stimulation of the sensory receptors, which mediates the increase in mucosal 
permeability are the same as those responsible for the depression of duode-
nal motility is, however, unknown. In most experiment we observed an in-
stant and transient (∼5 min) stimulation of duodenal motility in response to 
perfusion of the duodenum with the 700 mOsm solutions. This response is 
probably mediated via activation of another type of sensory receptor than 
that responsible for the depression of duodenal motility. However, the de-
pression of duodenal motility may also be due to adaptation of the receptors 
that mediates stimulation of motility. Alternatively, the hypertonicity-
induced reduction in duodenal motility may be mediated via a gut-CNS re-
flex. 

It is important to stress that the model outlined above is the author’s 
working hypothesis. Due to the heterogeneity of the duodenal mucosa and 
the complexity of the in vivo system it is not possible to pinpoint the exact 
mechanisms behind the hypertonicity-induced changes of the physiological 
parameters studied. Further studies in other models such as cell lines and 
enterocytes isolated from the villi and the crypts are necessary to elucidate 
the cellular mechanism activated by luminal hypertonicity. Furthermore, it 
would be interesting to examine whether or not luminal hypertonicity induce 
the same effects in the human duodenum. 
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Figure 26. A working model illustrating the proposed mechanisms participating in 
the integrated duodenal physiological responses to luminal hypertonicity. 1. Luminal 
hypertonicity stimulates superficial osmoreceptors, which activates a nAChR-
sensitive intramural reflex that increases electrolyte fluid secretion in the crypts. The 
magnitude of this response is dependent on the luminal osmolality and the number 
of activated osmo-sensitive sensory receptors. Some of the secreted fluid is actively 
reabsorbed by the villous epithelium. 2. The hypertonic fluid is actively absorbed by 
the epithelium at the upper part of the villi, which increases the osmolality in the 
lamina propria of the villi.  3. During prolonged perfusion with the hypertonic solu-
tion, the hyperosmolar villous core expands towards the base of the villous thereby 
stimulating deep osmosensitive receptors, which activates a nAChR-sensitive neural 
reflex that dilates a selective number of large paracellular pores thereby increasing 
the blood-to-lumen clearance of 51Cr-EDTA. 4. The transient stimulation of duode-
nal motility is mediated by superficial osmoreceptors that increase the activity of 
excitatory motorneurons, probably via IPANs. 5. Continuous perfusion of the duo-
denal segment with the hypertonic solutions activates an inhibitory reflex, possibly 
by the activation of sensory receptors that increases the activity of inhibitory motor-
neuros. 6. Alternatively, inhibition of duodenal motility, induced by luminal hyper-
tonicity, may be mediated via a gut-CNS reflex. 
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Summary and Conclusions 

The data presented in this thesis provide new information to suggest that the 
adjustment of luminal hyperosmolality in the duodenum is a physiologically 
regulated process. Furthermore, the data reinforce our notion that pretreat-
ment of anesthetised rats with a selective COX-2 inhibitor markedly im-
proves a number of duodenal functions. Furthermore, this thesis demon-
strates that the choice of rat strain is an important feature to consider when 
interpreting the results. These general statements are based upon the follow-
ing findings and conclusions: 
 

• Reducing luminal Cl- decreases luminal alkalinisation in a concentra-
tion-dependent manner, which strongly suggests that Cl- plays an im-
portant role in the regulation of luminal alkalinisation also in the rat du-
odenum in vivo.  

• Motility-induced, but not VIP-induced, stimulation of luminal alkalinisa-
tion is highly dependent on the luminal Cl- concentration. It is proposed 
that an inhibition of COX-2 induces duodenal motility, which in turn ac-
tivates a nAChR-dependent neural mechanism that stimulates duodeno-
cytes to increase the activity of apical Cl-/HCO3

- exchangers.  

• The lack of luminal Cl- decreases net fluid absorption, suggesting that Cl- 
is essential for “normal” net fluid flux in the rat duodenum in vivo. 

• VIP increases fluid secretion by activation of two different anion 
transport mechanisms: one that is independent and one that is dependent 
on luminal Cl-. 

• Parecoxib markedly increased the hypertonicity-induced fluid secretion 
and improved the ability of the duodenum to decrease luminal hyperto-
nicity. 

• COX-2-derived prostanoids compromise the ability of the duodenum to 
respond to and to adjust luminal hypertonicity, potentially by interfering 
with enteric neural activity. 
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• The hypertonicity-induced fluid secretion peaked at a luminal osmolality 
of 500 mOsm kg-1, but the decrease in effluent osmolality was propor-
tional to the increase in perfusion-solution osmolality. This finding sug-
gests that NaCl absorption, in addition to water secretion, contributes 
significantly to the adjustment of osmolality when luminal osmolality 
exceeds 500 mOsm kg-1. 

• No correlation was demonstrated between the increase in fluid secretion 
and 51Cr-EDTA clearance, suggesting that water and 51Cr-EDTA perme-
ate the duodenal epithelium by different routes. 

• Parecoxib-induced duodenal contractions, increased luminal alkalinisa-
tion and augmented the responsiveness of the duodenum to luminal hy-
pertonicity are evident not only in Dark Agouti but also in Sprague Daw-
ley rats. 

• Alleviating postoperative duodenal ileus by COX-2 inhibition revealed 
notable differences, both quantitatively and qualitatively, between the 
two rat strains in their duodenal response to hypertonicity.  

• The hypertonicity-induced fluid secretion and the osmolality-adjusting 
capability were elevated in the Dark Agouti, compared to the Sprague 
Dawley, strain. 

• Interestingly, the clear-cut differences between the two rat strains in the 
duodenal response to the various hypertonic solutions were not observed 
in response to the perfusion with orange juice. 
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Svensk populärvetenskaplig sammanfattning 

Bukkirurgi framkallar ett patofysiologiskt tillstånd då mag-tarmkanalens 
normala peristaltik (rörelse) är kraftigt nedsatt. Detta tillstånd är känt som 
postoperativ ileus (POI). Den patofysiologiska mekanismen bakom POI är 
inte helt klarlagd men involverar både en neurogen fas och en mer utdragen 
inflammatorisk fas. Under själva operationen då kirurgen berör och manipu-
lerar de inre organen i bukhålan sker en stimulering av lokala nociceptiva 
(smärt) receptorer vilket aktiverar inhibitoriska nervreflexer som hämmar 
den glatta muskulaturen i tarmväggen. Efter avslutad operation avtar det 
neurogena svaret successivt och efterföljs av en inflammatorisk process vars 
styrka och utbredning i hög grad beror på graden av manipulering. Den in-
flammatoriska fasen är en mycket komplex process som involverar både 
aktivering av immunceller och en ökad produktion av proinflammatoriska 
faktorer där bland annat prostaglandiner och kväveoxid anses spela en bety-
dande roll. Den ökade produktionen av prostaglandiner och kväveoxid som 
ses vid inflammation sker genom en ökad aktivitet av två enzymer, nämligen 
cyklooxygenas-2 (COX-2) och kväveoxidsyntas (iNOS).  

POI är mycket vanligt förekommande inom vården och uppstår i sort sett 
vid all typ av bukkirurgi. I de flesta fall är POI självläkande och leder sällan 
till livshotande situationer. Däremot förlängs tiden för återhämtningen efter 
operationen på grund av att POI försvårar intag av oral föda, vilket i sin tur 
leder till förlängda sjukhusvistelser och ökade vårdkostnader.  

POI är inte bara ett kliniskt problem utan utgör även ett stort problem 
inom experimentell mag-tarmforskning. Tyvärr är det dock väldigt sällan 
som POI och dess ogynnsamma effekter på tarmens normala fysiologi tas 
upp i studier som är utförda på sövda djur Därmed är en övervägande del av 
tidigare genomförda studier, vars mål har varit att studera fysiologiska pro-
cesser i tunntarmen in vivo, utförda i djurmodeller där effekten av ileus och 
en väl fungerande tarmmotorik inte beaktats. Då många vetenskapliga anta-
ganden baserar sig på dessa studier finns det ett stort vetenskapligt intresse 
att ompröva vissa av dessa antaganden i en modell där effekten av ileus på 
tarmens fysiologi kan studeras. För om möjligt öka kunskapen och kasta nytt 
ljus på gamla dogmer som existerar i litteraturen 

 Tidigare studier utförda i vårt laboratorium har visat att behandling med 
parecoxib, en selektiv COX-2 hämmare, inte bara häver POI utan också för-
bättrar en rad andra av tolvfingertarmens funktioner. Huvudsyftet med av-
handlingsarbetet har varit att fortsätta studera effekten av COX-2 hämning 
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på tolvfingertarmens funktion. Samtliga försök har utförts i en djurmodell på 
sövda råttor där ett ca 3 cm långt segment av tolvfingertarmen kopplades till 
en peristaltisk pump och sedan perfunderades med olika lösningar. Efter 
passage genom tolvfingertarmen samlades lösningen upp och analyserades. 
För att få en integrativ förståelse av mag-tarmkanalens fysiologi har följande 
parametrar studerats: tolvfingertarmens förmåga att utjämna luminal osmo-
lalitet, motorik, vätskeflux, luminal alkalinisering, slemhinnepermeabilitet 
samt arteriellt blodtryck.  

Parecoxib stimulerar bikarbonattransporten i tolvfingertarmen 
genom en Cl--beroende mekanism 
Slemhinnan in tolvfingertarmen exponeras dagligen för en betydande mängd 
saltsyra från magsäcken. För att skydda sig från syrainducerade skador ut-
söndrar duodenalslemhinnan bikarbonat som neutraliserar syran. Den aktiva 
transporten av bikarbonatjoner sker i huvudsak med apikala Cl-/HCO3

- trans-
portörer samt med jonkanalen cystic fibrosis transmembrane conductance 
regulator (CFTR). Regleringen av bikarbonattransporten är mycket komplex 
process som anses involvera neurala, humorala samt parakrina faktorer. 
Prostaglandiner är kända stimulerare av tolvfingertarmens bikarbonattrans-
port och har bevisat slemhinneskyddande egenskaper i mag-tarmkanalen. 
Detta stärks av att icke-steroida antiinflammatoriska läkemedel (NSAID) 
som hämmar prostaglandinproduktionen sänker bikarbonatsekretionen samt 
ger upphov till slemhinneskador i flera djurmodeller inklusive människa. I 
vår djurmodell ses emellertid en kraftig ökning av bikarbonattransporten vid 
administrering av NSAID. Denna kontroversiella effekt anses beror på att 
NSAID häver postoperativ ileus i vår modell vilket leder till en förändrad 
aktivitet i tarmens nervsystem, det enteriska nervsystemt, som ökar bikarbo-
nattransporten genom en hittills okänd mekanism. 

Tidigare försök gjorda på isolerad slemhinna från tolvfingertarmen har vi-
sat att bikarbonatsekretionen är beroende av luminal klorid. Genom att ta 
bort klorid från lumenlösningen sågs en signifikant sänkning i bikarbonat-
transporten, vilket ansågs bero på en sänkt aktivitet hos apikala Cl-/HCO3

- 

transportörer.  
Syftet med denna studie var att studera effekten av luminal klorid på basal 

samt den parecoxib-inducerade ökningen av bikarbonattransport in vivo ge-
nom att variera kloridkoncentrationen i lumenlösningen (0, 50, 75 och 155 
mM). Som jämförelse gjordes även experiment med kloridfria lösningar i 
djur behandlade med vasoactive intestinal peptide (VIP), en neurotransmittor 
och känd stimulerare av bikarbonat- och vätskesekretion i tolvfingertarmen 
som verkar genom att stimulera CFTR.  

Kloridfria lösningar sänkte bikarbonattransporten ≥50% i både kontroll 
och COX-2 hämmade djur. Sänkningen var koncentrationsberoende och 
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påverkade varken motorik eller slemhinnepermeabilitet. Parecoxib inducera-
de motorik och stimulerade bikarbonattransporten även i frånvaro av luminal 
klorid. Stimuleringen av bikarbonattransporten var dock övergående och 
sjönk till kontrollnivåer inom 30 minuter. Till skillnad från den parecoxib-
inducerade ökningen var den VIP-inducerade ökningen i bikarbonatsekretion 
inte beroende av luminal klorid. Vidare visar resultaten från denna studie att 
den VIP inducerade vätskesekretionen var lägre i frånvaro av luminal klorid. 

Följaktligen visar denna studie att parecoxib men inte VIP stimulerar 
bikarbonatsekretion i tolvfingertarmen via en mekanism som är beroende av 
luminal klorid. Utifrån dessa resultat dras slutsatsen att parecoxib stimulerar 
bikarbonatsekretion i tolvfingertarmen främst via apikala Cl-/HCO3

- utbytare 
och att CFTR inte är involverad i denna process. Vidare visar resultaten att 
VIP ökar vätskesekretionen i tolvfingertarmen genom två skilda mekan-
ismer, en oberoende och en beroende av luminal klorid.  

Parecoxib förbättrar tolvfingertarmens förmåga att utjämna 
luminal hyperosmolalitet 
Som första delen i tunntarmen utsätts tolvfingertarmen för en stor variation i 
det luminala innehåll som kommer från magen. Efter en stor måltid kommer 
innehållet i magen och följaktligen i tolvfingertarmen att ha en ansenligt hög 
osmolalitet. Slemhinnan i tolvfingertarmen utsätts regelbundet för en hyper-
tonicitet som i andra organ skulle ge upphov till cellskador. För att förhindra 
att det hypertona innehållet når distala delar av tunntarmen måste tolvfinger-
tarmen utjämna den luminala osmolaliteten. Denna process anses i huvudsak 
ske genom passiva processer som osmos av vatten och diffusion av salter 
genom läckiga paracellulära shuntar, utrymmen mellan cellerna.  

I mitt andra arbete var jag intresserade av att studera hur behandling av 
POI med parecoxib påverkar tolvfingertarmens förmåga att reglera luminal 
hypertonicitet. Den hypertonicitet-inducerade ökningen i vattensekretion 
samt förmågan att minska luminala hypertonicitet var väsentligt högre i 
COX-2 hämmade djur jämfört med djur som led av POI. Vidare visade vi att 
det råder ett icke-linjärt samband mellan vattensekretionen och perfusions-
lösningens osmolalitet, något som tidigare inte visats i tolvfingertarmen. Ett 
annat intressant fynd var att det inte fanns något samband mellan vätskesek-
retion och förändring av slemhinnepermeabilite. Om vattentransporten sker 
företrädesvis paracellulärt borde även transporten av 51Cr-EDTA, en paracel-
lulär markör, öka via solvent drag. Det faktum att den ökade vattensekretion 
inte kunde associeras med en ökad paracellulär transport av 51Cr-EDTA ty-
der på att vatten och 51Cr-EDTA tar sig över epitelet via olika vägar. Vidare 
kunde vi visa att både den hypertonicitet-inducerade vätskesekretionen samt 
ökningen i slemhinnepermeabilitet som svar på 700 mOsm NaCl gick att slå 
ut med två nikotinerga acetylkolin-receptor antagonister, hexamethonium 



 79 

givet intravenöst samt mecamylamin givet luminalt, vilket tyder på att 
osmoregleringen i tolvfingertarmen är en reglerad process som involverar 
nikotinerga nerver i det enteriska nervsystemet. Sammanfattningsvis tillför 
denna studie många nya data vad gäller tolvfingertarmens förmåga att han-
tera luminal hypertonicitet. 

Parecoxib avslöjar funktionella skillnader mellan Sprague 
Dawley och Dark Agouti råttor 
I delarbete III ville vi undersöka i fall de effekter på tolvfingertarmens funkt-
ioner som sågs i studie II var ett resultat av den höga luminala salthalten 
eller en följd av den höga osmolaliteten. För att svara på denna fråga perfun-
derades tolvfingertarmen med olika hypertona lösningar, alla med en osmo-
lalitet på 700 mOsm men med varierande sammansättning, av salt och mo-
nosackarider, som jämförelse användes även apelsinjuice. Utöver detta ville 
vi dessutom undersöka effekterna av luminal hypertonicitet på tolvfinger-
tarmens funktion i en annan råttstam med och utan parecoxib behandling.  

Effekterna som sågs på slemhinnepermeabilitet, luminal alkalinisering 
vätskesekretion och osmolalitetsreglering i kontroll djur med postoperative 
ileus var i paritet med hyperton natriumklorid. Dessutom sågs inga väsent-
liga skillnader mellan de två råttstammarna i kontrolldjuren. Behandling med 
parecoxib inducerade motorik i samtliga djur oberoende av råttstam och 
avslöjade både kvantitativa och kvalitativa skillnader mellan råttstammarna. 
Parecoxib behandlade Dark Agouti men inte Sprague Dawley råttor svarade 
på luminal hypertonicitet med en ökning i slemhinnepermeabilitet, en sänk-
ning av motoriken samt en sänkning i luminal alkalinisering som svar på 
hypertona lösningar innehållande glukos. Vidare var denhypertonicitet-
inducerade vätskesekretionen samt förmågan att utjämna luminal osmolalitet 
markant högre i Dark Agouti råttorna. I stort gav de olika hypertona lösning-
arna liknande effekter oavsett sammansättning vilket tyder på att det främst 
är den höga osmolaliteten och inte de enskilda beståndsdelarna som ger upp-
hov till förändringarna i de studerade parametrarna. Undantaget var apelsin-
juice där Dark Agouti och Sprague Dawley svarade i stort sett likadant. 
Apelsinjuice var dessutom den enda lösning som inte gav upphov till någon 
förändring i motorik och slemhinnepermeabilitet i Dark Agouti råttan, trots 
en osmolalitet på ca 700 mOsm. På grund av apelsinjuicens komplexa sam-
mansättning var resultaten från dessa experiment dock svåra att förklara. Hur 
som helst så verkar det finns någon eller några komponenter i apelsinjuice 
som har en förmåga att påverka de hypertonicitet-inducerade effekterna som 
ses på motorik och slemhinnepermeabilitet i de andra grupperna.  
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Slutsats 
Resultaten i denna avhandling bidrar med ny information som stark tyder på 
att justeringen av luminal hyperosmolalitet i tolvfingertarmen är en fysiolo-
giskt reglerad process. Vidare visar resultaten effekten av postoperative ileus 
på tolvfingertarmens förmåga att svara på luminal stimuli vilket stärker vår 
hypotes att COX-2 hämning markant förbättrar tolvfingertarmens funktion i 
sövda bukopererade råttor. Till yttermera visso demonstreras i avhandlingen 
att valet av råttstam har stor betydelse för resultatutfallet vilket ger signaler 
om att man ska vara försiktig att extrapolera data framtagna från en råttstam 
till en annan. Huruvida människans tolvfingertarm svarar på luminal hyper-
tonicitet på liknande sätt som råttans är för närvarande oklart och skulle där-
för vara intressant att undersöka.  
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