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Introduction 

Anatomy and physiology of the large intestine 
The large intestine is situated in the distal part of the gastrointestinal (GI) tract 
(Fig 1). It is approximately 150 cm long in humans and 20 cm long in rats, and 
is divided into caecum and colon. The colon is comprized of ascending-, trans-
verse-, descending-, and sigmoid colon. The main functions of the large intes-
tine are food storage, absorption of water and electrolytes, and digestion of non 
soluble carbohydrates by the colonic microbiota. The colon consists of three 
tissue compartments; the mucosa, the submucosa and the muscularis (Fig. 2). 
The mucosa is covered by columnar epithelium and contains both absorptive 
and mucin secreting cells, in addition to numerous crypts of Lieberkühn. The 
submucosa consists of blood vessels, connective tissue and nerve plexuses. The 
muscularis layer consists of two muscle layers, one outer longitudinal and one 
inner circular, and between the muscle layers lies the myenteric nerve plexus 
(10).  
 

 

 

Mucosa

Submucosa

Muscle layers

Figure 2. A histological section 
of a rat colon showing the dif-
ferent colonic layers. 

Figure 1. A schematic drawing of the gastroin-
testinal tract. The large intestine is high-
lighted. 
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The colonic microbiota 
The intestinal flora is made up of more than 500 bacterial species (32). It is, 
however, very difficult to get a complete picture of this flora since a presumably 
large portion of the bacteria found here cannot be cultured on medium (14). 
The gut microbiota is also very individual, with a great variety between individ-
uals (77). The flora seems to establish itself during the first years of life, but its 
composition is also genetically determined as demonstrated by studies of homo-
zygotic twins living apart but still having close to identical colonic microbiota, 
whereas their marital partners with whom they shared living quarters and diet 
habits, had a completely different flora (68). The colonic microbiota is respon-
sible for the fermentation of undigestible dietary fibers, and the products of this 
fermentation, short-chain fatty acids (SCFAs), are an energy substrate for colo-
nocytes (28). In animal models of IBD, the colonic microbiota is crucial in the 
induction of colitis, since mice deficient in the anti-inflammatory cytokine IL-
10, who spontaneously develop colitis when raised under germ free conditions 
generally do not develop colitis (31). Probiotics are viable microorganisms with 
beneficial physiologic or therapeutic activities, originally found in cultured 
foods, especially milk products. Numerous experimental studies have shown 
that probiotics can ameliorate colitis (2, 13, 23, 31, 48). Nevertheless, the exact 
anti-inflammatory mechanism remains unknown.  

Inflammatory Bowel Diseases (IBD) 
IBD is a group of chronic disorders of the GI-tract and includes Crohn’s Dis-
ease (CD) and Ulcerative Colitis (UC). CD causes segmental transmural in-
flammation and can involve the entire GI tract, though it mostly affects the 
terminal ileum, caecum and colon. UC is restricted to the colon and exhibits a 
continuous inflammation of the mucosa. The exact mechanism behind the 
onset and perpetuation of IBD is unknown. However, it has been known for 
decades that the administration of antibiotics sometimes alleviates flares of the 
disease (7). Clinical studies have also revealed that mutations in crucial recep-
tors involved in bacterial recognition, can result in increased susceptibility to 
developing IBD (11, 56). This indicates that a dysfunctional interaction be-
tween the intestinal microbiota and the gut immune system may be the mecha-
nism behind IBD. It is also known that colonic inflammation alters the colonic 
mucosal blood flow (15) and is associated with increased platelet aggregation 
tendencies (19). No curative treatment for IBD exists, so patients have to rely 
on lifelong anti-inflammatory and/or immuno-suppressive therapies.  
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Animal models of IBD 
There are two major methods to induce colitis in experimental animals; chemical 
induction, and models with deficient regulatory immune responses. The chemi-
cal agents include acetic acid, 2,4,6-Trinitrobenzenesulfonic acid (TNBS), Dex-
tran Sulphate Sodium (DSS) and formalin. The models with deficient regulatory 
immune responses include the IL-10-deficient mouse, which is deficient in the 
anti-inflammatory cytokine IL-10 and spontaneously develops colitis. The mod-
els used in this study are TNBS- and DSS-induced colitis. In the TNBS model, 
intrarectal administration of the hapten TNBS together with 50 % alcohol used 
as a barrier breaker results in severe colitis with penetrating ulcers, a reduced 
colon length, and thickening of the colon wall (44). This model shares some of 
the histopathological features of CD (41). DSS administered in drinking water 
induces a gradually deteriorating colitis similar to UC. DSS-induced colitis 
causes a more diffuse mucosal inflammation of the colon, resulting in the disrup-
tion of the mucosal barrier, diarrhea and rectal bleeding (9, 43, 46). 

The colonic mucosal blood flow  
The colon receives its blood supply from the colic branches of the superior and 
inferior mesenteric arteries. The arteries then branch to the muscle layer and to 
the submucosa. Arteries from the submucosa branch to mucosal capillaries (Fig. 
3A) that supply the epithelium and form a honeycomb-like plexus surrounding 
the mucosal glands (Fig 3B) (62). Venules are drained into the mesenteric vein, 
and eventually into the portal vein (42). The integrity of the colonic epithelium 
is dependent on mucosal blood flow for delivering oxygen, nutrients, and leu-
kocytes when required, and for removing reactive oxygen species and intruding 
bacteria (33).  

 
Figure 3. Scanning electron microscope images of a vascular cast of the rat colonic 
microcirculation showing the vasculature within the submucosa and mucosa (A), and 
the honeycomb-like plexus surrounding mucosal glands (B).  Adapted from Skinner et 
al(62). A – artery, a – arteriole, V – vein, v -venule.  

A B
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Colonic Mucus 
The epithelium of the gastrointestinal tract, from the stomach to the colon, is 
covered by a layer of mucus. This mucus, which is constituted by gel forming 
mucins originating from the MUC genes, is secreted by mucus-producing cells 
in the epithelium and is regulated via neural and hormonal pathways. The co-
lon has mucus that can be divided into two layers; one outer layer that can eas-
ily be removed by suction, called loosely adherent mucus, and one inner layer 
that cannot be removed even when rubbing a cotton swab against the mucosa, 
called firmly adherent mucus (Fig.4). The thickness of the mucus layer is 
thought to be a result of the secretion rate and the rate of erosion through me-
chanical shear and enzymatic degradation. However, considering the small 
variation in mucus thickness between different individuals, it is clear that the 
regulation of mucus thickness is more complicated than simply being a net 
thickness depending on secretion and degradation rates. The volume and qual-
ity of the mucus layer, depending on the physical and chemical properties of the 
formed gel, may also be an important factor in the regulation of mucus thick-
ness. In the stomach, an important function of the mucus layer is, in combina-
tion with bicarbonate secretion, to maintain a pH gradient to protect the epi-
thelium against the acid in the lumen of the stomach. In the colon, less is 
known about the physiological importance of mucus. One known function 
however, is lubrication to facilitate an easy passage of increasingly solid material 
through the last part of the gastrointestinal tract. The firmly adherent mucus 
layer has also recently been shown to act as a barrier against luminal bacteria 
(20) thus preventing bacteria from attaching to the epithelium and cause in-
flammation.  

 

 
Figure 4. The thickness of the different mucus layers in the distal colon in rats, based 
on in vivo results from our laboratory. 
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Nitric oxide 
Nitric oxide (NO) is a volatile gas at room temperature, and because of its lipo-
philic nature it can easily diffuse across biological membranes. In the GI-tract, 
NO has been shown to influence mucosal blood flow and mucus secretion (66). 
NO can be produced endogeneously by nitric oxide synthase (NOS) from the 
amino acid L-arginine and oxygen (39). NOS is expressed constitutively but 
can also be induced. The constitutively expressed enzymes are divided into en-
dothelial NOS (eNOS), associated with the vascular system, and neuronal NOS 
(nNOS) associated with the nervous system. Endothelial nitric oxide synthase 
(eNOS) produces NO that diffuses to vascular smooth muscle cells and stimu-
lates soluble guanylate cyclase. This results in elevated levels of cyclic GMP, and 
increases blood flow by smooth muscle relaxation in the vasculature. The other 
constitutively expressed isoform of NOS, nNOS, has been shown to play an 
important part in the regulation of colonic peristalsis and transit (63). NO de-
rived from inducible NOS (iNOS) is involved in the immune system, and takes 
part in bacterial killing (39). Expression of iNOS is induced during inflamma-
tion, and hence iNOS is highly up regulated in inflamed colonic mucosa (5, 34, 
49) but, paradoxically, it has also been found constitutively expressed in the 
gastrointestinal tract (54). High levels of luminal NO have been found during 
intestinal inflammation (24-27, 47, 58), indicating an association between NO 
and IBD. Since NO can easily be measured in the rectum of IBD-patients, it 
has proven to be a promising biomarker for IBD in some patient groups (27).  

Leukocyte recruitment 
Inflammation is associated with the recruitment of leukocytes to the site of 
inflammation (Fig 5). Certain subtypes of leukocytes have phagocytotic capa-
bilities, and produce hydrogen peroxide to fight infection. In order for the leu-
kocyte to take part in the inflammatory process, it must transmigrate into the 
tissue (51). One of the first steps of recruitment is the rolling of leukocytes. 
This is mediated via endothelial selectins, for example P-selectin, and leukocyte 
associated P-selectin glycoprotein ligand 1 (PSGL-1) (70). The leukocyte then 
adheres through ICAM-1 and LFA-1 interactions, followed by leukocyte crawl-
ing due to leukocyte-associated Mac-1,  to an optimal place where transmigra-
tion can occur via PECAM-1, CD99, ICAM-2 and JAMs (60). Leukocytes play 
an integral part in experimental colitis, and immunoblockade of P-selectin (75) 
or PSGL-1 reduces leukocyte rolling and attenuates colitis (59).  
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Figure 5. A schematic illustration of leukocyte recruitment. 

Platelets and IBD 
Platelets have been implicated as an important component in the disease pro-
gression of IBD. IBD patients have a higher incidence of thrombotic events 
than do control patients, displaying thrombi in mesenteric venules, and in-
creased levels of platelet-leukocyte aggregates (19).  Experimental colitis has also 
been associated with a prothrombogenic phenotype (40). Platelets can bind 
leukocytes and endothelium and Vowinkel et al (74) discovered a large up regu-
lation of PSGL-1 on the vascular endothelium, thereby concluding that plate-
lets, which up regulate P-selectin during DSS-induced colitis, can bind to the 
endothelium directly through P-selectin-PSGL-1 interactions. Activated plate-
lets have been shown to transiently interact with the endothelium, depositing 
the chemokine “regulated upon activation, normal T cell-expressed and se-
creted” (RANTES) also known as CCL5, on the endothelium increasing leuko-
cyte recruitment (73). The receptors for RANTES, CCR 1, 3 and 5 are ubiqui-
tously expressed on leukocytes (64). Vowinkel et al reported that mice depleted 
of platelets by the administration of an anti-platelet serum i.p. during the last 
24 h of a 6 day DSS induction period, had less leukocyte rolling and adherence 
than DSS-treated mice with platelets (74). After the indications that platelets 
may amplify immune responses in IBD, several clinical studies of heparin as a 
treatment option have been performed (6). However, any beneficial effects 
must be weighed against the obvious increased risk of rectal bleeding (6). 
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Aim 

The overall aim of this thesis was to investigate the involvement of  microcircu-
lation, mucus secretion and microbiota in experimental IBD. 

More specifically our aims were: 
 
• To measure colonic mucosal blood flow in control and colitic rats, to 

determine if NO is involved in blood flow regulation in the colonic 
mucosa, and to assess the contributions of different NOS isoforms to 
changes in colonic mucosal blood flow 

 
• To measure colonic mucus thickness in control and colitic rats, to de-

termine if NO and prostaglandins are involved in mucus regulation in 
the colonic mucosa, and to assess the contributions of different NOS 
isoforms to changes in colonic mucus thickness 

 
• To investigate the positive effects of Lactobacillus reuteri pretreatment 

on colonic mucosal inflammation, by studying its effect on leukocyte- 
and and platelet-endothelial cell interactions 

 
• To elucidate the impact of Lactobacillus reuteri and Dextran Sulphate 

Sodium (DSS) on the colonic microbiota by investigating bacterial 
content and composition in the individual colonic mucus layers and 
mesenteric lymph nodes 
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Methods 

Experimental Animals 
272 rats and 28 mice were used for the studies in this thesis. All experiments 
were approved by the Uppsala University Ethical Committee for Animal Expe-
riments.  

Rats 
Male Sprague-Dawley rats (B&K Universal, Stockholm, Sweden) weighing 200-
300 g, were kept under standardized conditions of temperature (21-22°C) and 
illumination (12:12-h light/darkness) at the Animal Department at the Biomedi-
cal Center, Uppsala, Sweden. They were allowed to adjust to this environment in 
cages with mesh bottoms with free access to tap water and pelleted food for at 
least 7 days before the experiment began. The rats were anaesthetized with 120 
mg/kg-body weight of 5-ethyl-5- (1-metylpropyl)-2-thiobutabarbital sodium 
(Inactin®, Sigma ST. Louis, MO) injected intraperitoneally. At the day of the 
experiment, the rats were tracheotomized with a short PE-200 cannula to facili-
tate spontaneous breathing. Body temperature was maintained at 37-38°C with a 
heating pad regulated by a rectal thermistor probe. A PE-50 cannula containing 
Heparin (Leo Pharma AB, Sweden, 12.5 IU ml-1) dissolved in isotonic saline was 
placed in the right femoral artery to monitor blood pressure. The right femoral 
vein was cannulated for a continuous infusion of a modified Ringers solution (25 
mM NaHCO3, 120 mM NaCl, 2.5 mM KCl and 0.75 mM CaCl2) at a rate of 
1.0 ml h-1 and for drug- and fluorescently labeled platelet infusions. Donor rats 
were cannulated in the right carotid artery for blood collection and subsequent 
platelet isolation.  

Mice 
Male C57/Bl6J mice and C57/Bl6x129SvEv mice deficient in iNOS weighing 
20-30g were kept under the same conditions as the rats. The mice were anesthe-
tized with spontaneous inhalation of isoflurane (Forene, Abbott Scandinavia, 
Kista, Sweden). The inhalation gas (≈2.2% isoflurane) was continuously admi-
nistered through a breathing mask (Simtec Engineering, Askim, Sweden) in a 
mixture of 40% oxygen and 60% nitrogen. The body temperature was main-
tained at 37-38°C using a heating pad controlled by a rectal thermistor probe. 
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Induction of colitis 
TNBS-induced colitis (I). To induce colitis, 30 mg TNBS (Fluka Chemie, 
Darmstadt, Germany) in 0.25 ml 50% ethanol (ethanol 99.5% Solveco Chemi-
cals, Täby, Sweden) was administered rectally using an 8-cm-long plastic cathe-
ter in accordance with the model developed by Morris et al (41). Before the 
administration of TNBS the rats were sedated with 0.5 mg midazolam (Dor-
micum, 5 mg ml-1; Roche, Basel, Switzerland) given intraperitoneally. After 
TNBS administration, the rats were given 1 ml saline subcutaneously in the 
event of acute diarrhea or appreciable weight loss. The saline control rats were 
treated in the same manner as the rats with induced colitis, but instead of 
TNBS, the controls received 0.9% saline rectally.  

DSS-induced colitis. Rats were given 5% (wt/vol) DSS (37–40 kilodaltons; 
TdB Consultancy, Uppsala, Sweden) in their drinking water for 9 days. The 
control rats for the DSS group were untreated.  

Assessment of severity of colitis  
After the experiment, the rats were killed with an intravenous injection of satu-
rated potassium chloride solution, and the colon was removed, opened longitu-
dinally, and rinsed with deionized water. The colon was inspected macroscopi-
cally, and its weight and length were measured in all animals. In the TNBS-
treated animals the colonic damage was evaluated and assigned a macroscopic 
damage score as described by Morris et al (41). This scoring takes into account 
the presence of diarrhea, adhesions, macroscopically visible damage, and bowel 
wall thickness. In the DSS-treated animals, the severity of the colitis was as-
sessed on the basis of clinical parameters, such as stool consistency and fecal 
blood content. This severity, together with any weight loss was scored daily 
with the use of disease activity index (DAI), a scoring method described in de-
tail by Cooper et al. (9). In both models, the animal weight was monitored 
daily from the induction of the inflammation to the day of the experiment.  

In vivo colon preparation  
The abdomen was opened through a midline incision. The distal colon was 
gently exteriorised and kept moistened and warm with 37°C saline during the 
preparation procedure. The distal colon was opened longitudinally by cautery 
and the colon was everted and loosely draped over a truncated cone with the 
mucosal or serosal side up. A double-bottom mucosal chamber with a hole in the 
bottom was fitted over the mucosa, exposing the mucosa through the hole (ex-
posed area; 0.8 cm2). The junction was sealed with silicon grease (Dow Corning 
high vacuum grease. Dow Corning GmbH. Weisbaden, Germany). The cham-
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ber was filled with warm (37°C) unbuffered 0.9% saline solution to keep the 
tissue moist and prevent the mucus gel from dehydration (Fig 6). The technique 
has been described in detail previously (18). 

 

 
Figure 6. The experimental set-up for blood flow measurements in the rat (A). A sche-
matic drawing of the truncated cone and water heated mucosal chamber used for the in 
vivo experiments in both studies (B)(3).  

Colonic mucosal blood flow measurements (I) 
Laser-Doppler flowmetry (PeriFlux 4001 Master or PeriFlux Pf 3; Perimed, 
Stockholm, Sweden) was used for blood flow measurements in all experiments. 
The nature of the Doppler shift from an illuminated tissue depends on the 
velocity and number of moving red blood cells (45). The laser light (wavelength 
635 nm, helium neon laser) is guided to the tissue by an optical fiber. The 
backscattered light is picked up by a pair of fibers with a fiber separation of 
0.25-0.5 mm, and blood flow was recorded as the changes in frequency, the 
Doppler shift (Fig. 7). With this technique, blood flow is determined as a vol-
tage output and expressed as perfusion units (PU). The blood flow was record-
ed continuously from the mucosal side of the gastric mucosa, with a probe fixed 
to a micromanipulator and kept at a distance of 0.5-1 mm above the surface of 
the mucosa, in the solution. This technique for measuring mucosal blood flow 
with laser Doppler flowmetry has earlier been thoroughly evaluated (17, 22). 
After the preparation the rats were given at least 1 hour to stabilize before the 
blood flow measurements began. Systemic blood pressure and colonic blood 
flow had been at steady state for at least 20 minutes before the experiment 
started. The colonic mucosal blood flow was followed for 100 minutes in all 
groups. In different sets of experiments the NOS inhibitor L-NNA (10 mg kg-1 
bolus in 1.0 ml followed by an i.v. infusion of 3 mg kg-1h-1 at a rate of 1.0 ml h-

1) or the iNOS inhibitor L-NIL (10 mg kg-1 bolus in 1.0 ml followed by an i.v. 
infusion of 3 mg kg-1h-1 at a rate of 1.0 ml h-1) was given, starting 20 min after 
the start of the experiment, in all four groups. The recorded mean arterial blood 

A B
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pressure (expressed in mmHg) and mucosal blood flow (in PU) were used to 
calculate the vascular resistance during the experiments.  

 

 
 
 
 
 
 
 
 
 
 
 
Figure 7. A schematic drawing 
of a micromanipulator hold-
ing the laser-doppler probe 
and an illustration explaining 
the laser-doppler tech-
nique(3).  

 

NOS mRNA measurements (I) 
The rats were anesthetized with 120 mg/kg body weight of 5-ethyl-5-(1-
methylpropyl)-2-thiobutabarbital sodium, and the distal colon was excised and 
immediately frozen in liquid nitrogen. To investigate changes in eNOS, iNOS, 
and nNOS, whole colonic tissue RNA was isolated using an RNA isolation kit 
(Peqlab, Erlangen, Germany). The tissue samples were homogenized in a mor-
tar in liquid nitrogen. For the isolation of total RNA, 20 μg of homogenized 
tissue was used in accordance with manufacturer’s instructions. The amounts of 
eNOS, iNOS, and nNOS mRNA were estimated by real-time RT-PCR analy-
ses.  

Mucus measurements (II) 
Glass micropipettes (custom glass tubing; OD, 1.2 mm; ID, 0.6 mm; Rederick 
Haer, Brunswick, ME) were pulled to a tip diameter of 1-2 μm. The micropi-
pettes were siliconized to obtain a non-adhesive surface, which facilitates re-
peated measurements. After the animals had stabilized for one hour after the 
surgical preparation, total mucus thickness was measured. Then the loosely 
adherent mucus was removed by suction and the firmly adherent mucus thick-
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ness was measured. By subtracting the firmly adherent mucus thickness from 
total mucus thickness, the loosely adherent mucus thickness was obtained. Be-
fore the first measurement, the mucus gel was covered with enough carbon 
particles (activated charcoal, extra pure, Kebo Lab) suspended in saline to visual-
ize the surface of the otherwise near-transparent gel. The micropipettes were 
held by a micromanipulator (Leitz, Wetzlar, Germany) and pushed into the 
mucus gel at an angle (a) of 30-35° to the cell surface. The distance (l) from the 
luminal surface of the mucus layer to the epithelial cell surface of the mucosa 
was measured with a "digimatic indicator" (IDC series 543; Mitutoyo, Tokyo, 
Japan) connected to the micromanipulator. The mucus gel thickness (T) could 
then be calculated from the formula T = l × sin a. The measurements were made 
at five different spots over the colonic mucosal surface and a mean value was 
calculated. The same spots were used for the second measurements after inter-
vention. (Fig. 8). 
 

 

 

 

 

 

Figure 8. A schematic drawing 
describing the mucus thickness 
measurements. Five measurements 
at different locations were used to 
calculate a mean value.  

 

Bacterial suspensions (III & IV) 
The bacterial cocktail consisted of 4 different strains of Lactobacillus reuteri: 2 
isolated from rats : R2LC (38) (a kind gift from Siv Ahrné) and JCM 5869 
(Japan Collection of Microorganisms), and 2 from human sources :  ATCC 
PTA 4659 and ATCC 55730 ((65); a kind gift from Biogaia AB, Stockholm, 
Sweden). The bacteria were cultivated separately in 200 ml MRS broth (Oxoid, 
Basingstoke, England) at 37°C for 20 h, washed with PBS and suspended in 2 
ml freezing solution (0.82 g K2HPO4, 0.18 g KH2PO4, 0.59 g Na-citrate, 0.25 
g MgSO4 7 H2O, 172 ml glycerol (87%)  in 1000 ml). The bacterial suspen-
sions were mixed and stored at -70°C until used. L. reuteri treated rats were 
given a cocktail of 109 bacteria in 0.5 ml 37ºC saline, containing an equal 
amount of the four different strains of L. reuteri. This cocktail was given daily 
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by gavage for 16 days. The rats treated with both L. reuteri and DSS were given 
5% DSS in the drinking water the last 9 days of their L. reuteri treatment. 

Histological evaluation (II & III) 
Samples of the distal colon were fixed in 4% formalin, processed, embedded in 
wax, cross-sectioned and stained with haematoxylin-eosin. In study I, the per-
cent of mucosal damage was assessed by measuring the length of mucosa that 
was damaged and dividing that length by the total length of the colonic mucosa 
in the examined section. In study II, slides were stained with Periodic-Acid 
Shiff’s solution (PAS) for visualization and quantification of mucus filled goblet 
cells. Also, immunohistochemical staining of iNOS were performed on slides 
from study II. 

Measurement of P-selectin expression (III) 
The right carotid artery and left jugular vein were cannulated for injection of 
antibodies and for blood sampling. To measure P-selectin expression, a mixture 
of 10 μg of 125I -labeled P-selectin MAb (RMP-1) and 5 μg of 131I-labeled non-
binding MAb (P-23) were injected (50). After the tracer injection, the animals 
were heparinized (3,000 IU/kg), and blood samples were taken via the carotid 
artery catheter at 2.5 and 5.0 min. At 5.0 min, the animal was exsanguinated 
via the carotid artery with a simultaneous infusion of PBS via the jugular vein. 
The vena cava was then severed, and the circulation was flushed via the carotid 
artery with ≈60 ml of buffer. The organs for study were removed, washed, 
dried, weighed, put into test tubes and counted for 125I and 131I activity. The 
selected organs were: left and right kidneys (as control for good mixture of the 
injected p-selectin antibodies), stomach, duodenum, jejunum, ileum, ceacum, 
proximal colon, transverse colon, distal colon (divided in superficial mucosa 
(scraped off using a scalpel) and remaining mucosa, submucosa and muscle).  

Intravital videomicroscopy (III) 
The studied area was viewed by transillumination with a xenon lamp (75 W) 
attached to a Leitz Ortholux microscope (Wetzlar, Germany). The images were 
displayed on a computer screen (iMovie, iMac, Apple) via a video camera 
(Hamamatsu charge-coupled device camera C3077 with camera control 
C2400) through an analog-digital converter Canopus ADVC-55 (Scandinavian 
Photo, Stockholm, Sweden), or a digital camera JVC Tk-C148IEG, (Niman 
Bildteknik, Stockholm, Sweden). The images were then stored on the computer 
for later analysis. The area under observation was linearly magnified x25 by a 
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Leitz water-immersion lens (sw 25/0.60). To be able to compare results from 
the mucosa and submucosa, venules up to a diameter of 20 μm were studied 
since this was the widest venule found in the mucosa. 

Leukocyte-endothelial cell interactions (III) 
Values were obtained for leukocyte adhesion and rolling as previously described 
(53). Leukocytes were regarded as adherent if they remained stationary for 30 s 
or longer and rolling if they moved with a lower velocity than red blood cells. 
The numbers of rolling or adherent leukocytes were measured during 1-2-min 
recordings and expressed as the numbers of rolling or adherent leukocytes per 
70 μm length of vessel per minute.  

Platelet preparation (III) 
Platelets were derived from anesthetized non-treated donor rats. The carotid 
artery was cannulated, and 5.4 ml blood was withdrawn. The blood was col-
lected in a 10 ml syringe containing 0.6 ml Citrate-Dextrose Solution (Sigma-
Aldrich, Stockholm, Sweden).  A sequence of centrifugations, as described pre-
viously (8), rendered a platelet solution. A volume of the platelet solution con-
taining 800x106 platelets was brought up to 1.5 ml with PBS (pH 7.4). The 
platelets were incubated in room temperature for 10 minutes with the fluoro-
crome carboxyfluorescin diacetate succimudyl ester CFSE (Sigma-Aldrich, 
Stockholm, Sweden) at a final concentration of 90 mM. The solution was then 
centrifuged, the supernatant discarded and the pellet resuspended in 500μl . 

Platelet-endothelial cell interactions (III) 
Fluorescently labelled platelets, 800x106 platelets in 0.5 ml PBS, were infused 
over a period of 5 min and were then allowed to circulate for 5 min. The in-
fused platelets accounted for about 10% of the total platelet population. The 
platelets were detected using a fluorescent filter with an excitation of 530-560 
nm and an emission above 580 (Leitz N2.1, Wetzlar, Germany). The number 
of interacting platelets was measured during approximately 1 min recordings in 
the same vessels in which the leukocytes were measured. The platelets were 
considered interacting if they transiently halted or remained stationary for a 
longer period and were expressed as interacting platelets per 70 μm length of 
vessel per 30s. 
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Quantification of lactobacilli in colonic mucus (III) 
The levels of lactobacilli in the colonic mucus were quantified in another 12 rats 
(untreated n=3, DSS treated n=3 (DSS for 9 days), L. reuteri and DSS treated n = 
3 (bacteria for 16 days, DSS last 9 days) and L. reuteri treated n = 3 (bacteria for 
16 days). The loosely adherent mucus layer was removed under a microscope by 
gentle suction and the remaining, firmly adherent mucus layer was scraped off the 
mucosa with a scalpel. The samples were snap frozen in liquid nitrogen at -70ºC. 
The total volume of the mucus layers was estimated, from measurements of mucus 
thickness and exposed area, a measurement that has been extensively described 
previously (4). The mucus samples were homogenized by pipetting and vortexing 
and then serially diluted. A 100 μl aliquot of each dilution was spread on Rogosa 
plates (Merck, Darmstadt, Germany), which were incubated at 37°C for 48 hours 
in anaerobic atmosphere (Gaspack system, BD, Sparks, MD, USA). The strain 
R2LC is easily detected by its strong yellow pigmentation. White and yellow lac-
tobacilli colonies were counted separately and 10 representative colonies from each 
sample were isolated for identification. The isolated lactobacilli were identified by 
sequencing of the first 600 bp of the 16S rRNA gene according to standard proce-
dures (52). Isolates identified as L. reuteri were typed by rep PCR by using the 
primer (GTG)5 according to a method described by Versalovic et al.(71). The 
PCR products were separated by electrophoresis at 2.5 V/cm in a 1% agarose gel 
in 0.5 x Tris-borate-EDTA buffer. The gels were stained with ethidium bromide, 
and digitized images were captured under UV transillumination. The obtained 
rep-PCR fingerprints were compared by visual inspection. 

Bacterial analysis of mucus layers and mesenteric lymph 
nodes (IV) 
The loosely adherent mucus layer was visualized by adding carbon particles and 
was then removed under a microscope by gentle suction. The remaining firmly 
adherent mucus layer was scraped off the mucosa with a scalpel. The samples 
were snap-frozen in liquid nitrogen at -70°C. The total volume of the mucus 
layers was estimated, from measurements of mucus thickness and exposed area, 
a measurement that has been extensively described previously (4). Mesenteric 
lymph nodes were excised using sterilized forceps and were snap frozen in liquid 
nitrogen. 300μl of the mucus samples were homogenized by pipetting and vor-
texing, while the mesenteric lymph nodes were homogenized using a 70 μm cell 
strainer (BD, Stockholm, Sweden) and the samples were then serially diluted. A 
100 μl aliquot of each dilution was spread on Wilkins-Chalgren Agar (Merck, 
Darmstadt, Germany) and Rogosa plates (Merck, Darmstadt, Germany), which 
both were incubated at 37°C for 48 h in anaerobic atmosphere (Gaspack sys-
tem, BD, Sparks, MD).  
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TRFLP (IV) 
DNA was extracted from mucus- and mesenteric lymph node samples and PCR 
for the bacterial 16sRNA gene was performed. The restriction enzyme HaeIII 
(GE Healthcare, Uppsala, Sweden) was used to digest the PCR products. The 
digested fragments were separated using an ABI 3730 capillary sequencer as 
previously described (16).Relative peak areas were determined by dividing the 
area of each individual TRF with the total peak area. Values between 30 and 
500 bp were analyzed. Peaks with a relative abundance of more than 0.5% were 
considered for the mucus samples. Due to very low signals in the samples from 
mesenteric lymph nodes, a threshold of 2% was set for relative abundance. 
Technical replicates were compared and TRFs present in both replicates were 
used.  
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Experimental Protocols 

Study I 
In this study we aimed to measure colonic mucosal blood flow in control and 
colitic Sprague-Dawley rats. Colitis was induced with DSS (5% in drinking 
water for 9 days) or TNBS (30mg in 50% EtOH intracolonically 7 days prior 
to experiment). Rats were subsequently divided into three groups: control, DSS 
and TNBS. Colitis severity was evaluated using clinical and macroscopic dam-
age parameters on the day of the experiment. To assess the contribution of dif-
ferent NOS isoforms to blood flow, the three groups were divided into three 
sub groups given either saline, L-NNA (unselective NOS inhibitor) or L-NIL 
(selective iNOS inhibitor) intravenously. Colonic mucosal blood flow was 
measured for a 20 min control period, after which rats were administered saline 
or NOS inhibitors, and blood flow was followed for 60 min. Furthermore, a 
quantification of NOS mRNA was performed in the three groups. 

Study II 
In study II we aimed to measure colonic mucus thickness in control and colitic 
Sprague-Dawley rats. Colitis was induced with DSS (5% in drinking water for 
9 days). Disease activity was monitored daily using clinical parameters. Rats 
were divided into two groups; control and DSS. Histological evaluation of gob-
let cell numbers was performed by PAS-staining. To assess the contributions of 
different NOS isoforms and COX on mucus thickness, the two groups were 
divided into four sub groups given saline, L-NNA (unselective NOS inhibitor), 
L-NIL (selective iNOS inhibitor) or diclofenac (unselective COX inhibitor) 
intravenously. Colonic mucus thickness was measured before drug administra-
tion, and then 60 min after drug administration and the difference between the 
two measurements was calculated. Mucus thickness was also measured in 
C57Bl6J mice, some of which were administered diclofenac i.v., and further-
more in mice deficient in iNOS. To further investigate the involvement of 
iNOS in colitis we stained histological sections from the distal colonic mucosa 
immunohistochemically for iNOS. 



 28 

Study III  
The aim of this study was to evaluate the ameliorating effect of Lactobacillus 
reuteri on a rat colitis model. Colitis was induced with DSS (5% in drinking 
water for 9 days). Disease activity was monitored daily using clinical parame-
ters. Rats were divided into four groups; non treated, DSS, L. reuteri and lastly 
L. reuteri and DSS. A L. reuteri cocktail consisting of four strains was given in 
the dose of 109 cfu in 0.5 ml saline daily by gavage for 16 days. In the L. reuteri 
and DSS group, DSS was given for the last 9 days. The four groups were then 
divided into three sub groups; I) Quantification of P-selectin, II) In vivo as-
sessment of interactions between the endothelium and leukocytes and platelets, 
and lastly III) Analysis of L.reuteri in colonic mucus. (Fig. 9). 
 

 

Figure 9. Experimental protocol Study III 

Study IV 
In study IV we investigated the impact of L. reuteri and DSS on the microbiota 
in colonic mucus. We also assessed bacterial translocation over the epithelium 
by bacterial analysis of mesenteric lymph nodes. Rats were divided into the 
same four groups as in study III. The individual colonic mucus layers were 
separately collected, and mesenteric lymph nodes were excised.  The samples 
were homogenized and a portion of each sample was spread onto agar plates for 
bacterial culturing, while the rest of the sample underwent DNA extraction. 
PCR for the bacterial 16sRNA gene was performed on the DNA extractions 
and the PCR product was subjected to TRFLP analysis. To identify cultivable 
bacteria from mesenteric lymph nodes, individual colonies were collected, and 
the 16sRNA gene was amplified by PCR before sequencing analysis was per-
formed.  
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Results 

Study I 
 
Colonic mucosal blood flow increased in colitis 
Colitic rats, both DSS- and TNBS-induced colitis, have a higher colonic muco-
sal blood flow than controls (Fig. 10).  

 
Unselective NOS inhibition increased vascular resistance more in 
colitic rats than in controls 
Unselective NOS inhibition by L-NNA induced an increase in mean arterial 
pressure in all three groups, and a decrease in colonic mucosal blood flow in the 
colitic rats. Thus, the increase in vascular resistance was much more pro-
nounced in DSS-colitic rats (+118 ± 10%) and TNBS-colitic rats (+102 ± 10%) 
than in controls (+54 ± 11%). Selective inhibition of iNOS with L-NIL had no 
effect on either blood pressure or blood flow in any of the three groups, suggest-
ing that iNOS-derived NO was not involved in the blood flow increase during 
colitis. The results thus indicate that eNOS or nNOS are involved in the blood 
flow increase. (Fig.11) 

 

  

 
Figure 11 Figure 10 
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eNOS and iNOS were up regulated in colitis 
The relative quantities of mRNA showed that iNOS and eNOS were up regu-
lated while nNOS remained at control levels during colitis. (Fig. 12) 

 
Figure 12 

In conclusion, the results from Study I suggest that the increased colonic muco-
sal blood flow during colitis is eNOS-dependent.  

 
Study II 
 
Mucus thickness first decreased, then increased during colitis in-
duction 
The firmly adherent mucus thickness was significantly thicker in colitic animals 
(88 ± 2 μm, n = 24) compared to control animals (76 ± 1 μm n = 24). The 
firmly adherent mucus layer significantly decreased on the second and third day 
of the DSS treatment. The mucus thickness then increased to levels significant-
ly thicker than control from day 4 and onward. The increased mucus thickness 
coincided with Disease Activity Index (DAI), which was also significantly ele-
vated from controls from day 4 and onward. Controls had a DAI of 0 all 9 
days. (Fig. 13) 

 
Figure 13 
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Inhibition of iNOS decreased mucus thickness more in DSS colitis 
than in controls 
Blockade of NO-synthase with the unselective NOS inhibitor L-NNA did not 
result in altered mucus thickness either in control (delta value +3 ± 1 μm) or in 
DSS-treated animals (delta value +3 ± 2 μm). However, blocking iNOS with 
the selective inhibitor L-NIL, resulted in a significant decrease of mucus thick-
ness in control rats (delta value -10 ± 3 μm) and an even more pronounced 
decrease of the mucus thickness in DSS-colitic rats (delta value -33 ± 3 μm), a 
decrease which was significantly greater compared to control rats. The inhibi-
tion of cyclooxygenase resulted in a decrease of the firmly adherent mucus layer, 
both in control rats (delta value -14 ± 2 μm) and in DSS-colitic rats (delta value 
-16 ± 5 μm). The thickness of the loosely adherent mucus layer did not differ 
between groups. (Fig. 14) 

 

 
Figure 14 

 
iNOS-deficient mice have a thinner mucus than wild-type 
C57/Bl6 mice have a thinner firmly adherent colonic mucus layer than rats (50 
± 2 vs 76 ± 1 μm). Mice deficient in iNOS had significantly thinner mucus 
thickness (35 ± 3 μm) than wild-type mice, which was concurrent with the 
results from rats after inhibition of iNOS with L-NIL.  
(Fig. 15) 
 
iNOS was up regulated in the epithelium of DSS-colitic rats 
Immunohistochemical staining of sections of the distal colon showed that iN-
OS is constitutively expressed in the epithelium of control rats. After 9 days of 
DSS treatment the iNOS-expression was up regulated in the epithelium, and 
the expression extended down in the mucosa. (Fig. 16) 
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The results from Study II indicate that the increased mucus thickness ob-

served during colitis is iNOS-dependent.  
 

Study III 
L. reuteri pretreatment decreased disease activity  
in DSS-induced colitis 
DSS-induced colitis is characterized by a gradually increasing DAI. Treatment 
with L. reuteri prior to colitis induction reduced DAI  to control levels.  
(Fig. 17) 
 
L. reuteri pretreatment prevented P-selectin up regulation  
in the distal colon  
P-selectin expression increased in DSS colitis in all segments of the colon with 
the highest levels observed, approximately a six-fold increase, in the distal colon. 
In non treated control rats, P-selectin is expressed in a gradient with higher 
levels in the submucosa and muscularis than in the mucosa. DSS-induced coli-
tis abolished the P-selectin gradient from the mucosa to the deeper layers ob-
served in control animals. Pretreatment with L. reuteri prior to DSS-treatment 
normalized P-selectin levels and restored the P-selectin gradient. (Fig. 18) 

 

 
Figure 16 Figure 15 
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L. reuteri pretreatment decreased leukocyte-endothelial interactions 
Confirming the P-selectin results, intravital videomicroscopy showed that there 
is a gradient of leukocyte-endothelial cell interactions in non treated rats, with 
more interacting leukocytes in submucosal- than in mucosal venules.  In colitic 
rats, the numbers of rolling leukocytes in both the mucosal- and submucosal 
venules increased, which was also true for adherent leukocytes (not shown in 
fig.). Treatment with L. reuteri prior to colitis induction reduced the number of 
leukocyte-endothelial cell interactions down to control levels (Fig. 19). 

. 
Figure 19 

L. reuteri pretreatment decreased platelet-endothelial interactions  
Platelets also exhibit a more adhesive nature in submucosal- than in mucosal 
microcirculation in non treated controls. DSS increases the number of platelet-
endothelial cell interactions in all layers. L. reuteri treatment prior to colitis 
induction reduced the number of platelet-endothelial cell interactions in the 
mucosal venules and normalized the interactions in submucosal venules. (Fig. 
20) 

Figure 18Figure 17
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Figure 20 

In summary, Study II showed that L. reuteri prevented colitis by reducing P-
selectin upregulation and thereby normalizing the leukocyte- and platelet-
endothelial cell interactions.  

 
Study IV 
 
The firmly adherent mucus barrier function is destroyed by DSS 
In controls and L. reuteri treated rats, the total number of anaerobes was signifi-
cantly higher in the loosely adherent than in the firmly adherent mucus. This 
difference was however not observed in the DSS and L. reuteri-pretreated DSS 
animals.  Furthermore, in DSS treated rats, regardless of L. reuteri pretreatment, 
the total number of anaerobes was significantly higher in the firmly adherent 
mucus compared to controls and L. reuteri treated rats. In controls and L. reute-
ri treated rats, the total number of lactobacilli in the loosely adherent mucus 
was the same as in the firmly adherent mucus.  In the DSS-treated and L. reute-
ri-pretreated DSS groups the number of lactobacilli increased significantly in 
both the loosely and firmly adherent mucus compared to control and L. reuteri 
groups. The L. reuteri treatment per se did not increase the number of lactoba-
cilli. 

These data indicate that during control conditions, the firmly adherent mu-
cus layer functions as a barrier against luminal bacteria. When DSS is adminis-
tered, irrespectively of L. reuteri pretreatment, the barrier function of the firmly 
adherent mucus is destroyed, and it is subsequently colonized by bacteria to a 
similar extent as the loosely adherent mucus. DSS also seems to benefit the 
growth or colonization of lactobacilli. (Fig. 21) 
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Figure 21. L – loosely, F - firmly 

 
DSS alters the colonic microbiota and obliterates the microbial dif-
ferences between mucus layers 
The bacterial composition in the loosely adherent mucus in the control and L. 
reuteri groups was distinctly different from that in the firmly adherent mucus. 
In groups receiving DSS, regardless of the addition of L. reuteri, the difference 
between loosely and firmly adherent mucus was obliterated. Thus, the two mu-
cus layers differ not only in the number of bacteria they harbor, but they also 
differ in terms of which bacteria they harbor. Furthermore, L. reuteri treatment 
did not change the microbiota compared to non-treated controls, indicating 
that the protective effect of L. reuteri is not linked to a substantial change of the 
microbial composition. (Fig. 22) 

 

 
Figure 22.  Bacterial composition of colonic mucus layers. L – Loosely, F – firmly 

 
L. reuteri prevents  DSS-associated bacterial translocation 
Bacterial culturing of the mesenteric lymph nodes yielded no colonies in sam-
ples from the control group. In samples from the L. reuteri group low levels of 
colonies were found in only one out of three samples. However, all three sam-
ples from the DSS group yielded significantly higher levels of colonies than all 
other groups, indicating a high level of bacterial translocation. This effect was 
significantly reduced by L. reuteri pretreatment as shown in the data where only 
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two out of three samples yielded colonies and at significantly lower levels. L. 
reuteri thus decreases translocation of bacteria in DSS-induced colitis. (Fig. 23) 

 

 
Figure 23 

In summary, Study IV showed that the firmly adherent mucus layer is a partial 
barrier against luminal bacteria, and that DSS destroys this barrier. Though L. 
reuteri did not restore the destroyed mucus barrier, it prevented the DSS-
induced increased bacterial translocation.  
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Discussion 

This doctoral research highlights the importance of colonic barrier functions 
during colitis. Endothelial NO-synthase appears to be responsible for increased 
colonic mucosal blood flow, while inducible NO-synthase is implicated in the 
increased colonic mucus secretion. The inner, firmly adherent mucus layer acts 
as a barrier against luminal bacteria, and this barrier is destroyed by DSS. The 
P-selectin upregulation observed during colitis results in increased leukocyte- 
and platelet-endothelial cell interactions. Lactobacillus reuteri prevents the up 
regulation of P-selectin and interactions between inflammatory cells and the 
endothelium, and also decreases the DSS-induced bacterial translocation. Lac-
tobacillus reuteri thus prevents colitis. 

Colitis 
The models used in this study are TNBS- and DSS-induced colitis. In the 
TNBS model, intrarectal administration of the hapten TNBS together with 50 
% alcohol used as a barrier breaker, resulting in severe colitis with penetrating 
ulcers, a reduced colon length, and thickening of the colon wall (44). This 
model shares some of the histopathological features of CD (41). DSS adminis-
tered in drinking water induces a gradually deteriorating colitis, similar to UC. 
DSS-induced colitis causes a more diffuse mucosal inflammation of the colon, 
with disruption of the mucosal barrier, diarrhea, and rectal bleeding (9, 43, 46). 
Inflammation is associated with the recruitment of leukocytes to the site of 
inflammation. Certain subtypes of leukocytes have phagocytotic capabilities and 
produce hydrogen peroxide to fight infection. In order for the leukocyte to take 
part in the inflammatory process, it must transmigrate into the tissue (51). One 
of the first steps of recruitment is the rolling of leukocytes. This is mediated via 
endothelial selectins, for example P-selectin, and leukocyte-associated P-selectin 
glycoprotein ligand 1 (PSGL-1) (70). Leukocytes play an integral part in ex-
perimental colitis, and the immunoblockade of P-selectin (75) and PSGL-1 
reduces leukocyte rolling and attenuates colitis (59).  
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Colonic barrier function 
The colonic barrier is comprized of several components at different levels; 1) a 
well regulated mucosal blood flow to supply the mucosa with oxygen, nutrients 
and immune cells, 2) a tight epithelium to prevent translocation of bacteria, 3) 
a high epithelial cell turnover quickly repairing a breach of the epithelium, and 
lastly and perhaps most importantly, 4) the colonic mucus layers (36). Should 
one or more of these components of the colonic barrier fail, it may render the 
individual more susceptible to developing colitis. It could also be argued that 
the colonic microbiota is part of the barrier due to its capacity to outcompete 
pathogenic bacteria for space and nutrients.  

Colonic Mucosal Blood Flow 
The laser-doppler method used to measure blood flow in Study I is not a quan-
titative method per se, but we argue that given the amount of animals in each 
group, added to the fact that the PU-values of all animals were at levels where 
the linear relationship between PU and blood flow is maintained (45), we feel 
confident that they reflect absolute blood flow values, and that we can conclude 
that colitic rats in fact have a higher colonic mucosal blood flow.  

Colitic rats, in both TNBS- and DSS-induced colitis, had a higher colonic 
mucosal blood flow than non treated controls. Pharmacological inhibition of 
different NOS isoforms indicated that eNOS was involved in the increased 
blood flow. RT-PCR showed that eNOS and iNOS were up regulated in the 
colon of colitic rats, which led to the conclusion that the colitis-induced blood 
flow increase was eNOS-dependent. Mice deficient in eNOS have been shown 
to suffer from a more severe DSS-induced colitis  (61, 67), suggesting a protec-
tive role of eNOS. Thus, the eNOS-dependent blood flow increase observed in 
our colitis-models might be a protective mechanism. The observed iNOS up 
regulation did not have a significant impact on blood flow. However, due to the 
increased levels of iNOS during inflammation it has been suggested to be in-
volved in the inflammatory process. In fact, mice deficient in iNOS have been 
shown to experience less severe DSS-colitis (5, 21, 76). However, MCafferty et 
al did already ten years ago (34, 35) show that iNOS ko mice showed a more 
severe TNBS induced colitis than wild-type, indicating that iNOS was benefi-
cial. This demonstrates that the events that iNOS participates in are highly 
complex and not easy to predict.   
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The Colonic Mucus Barrier and the Colonic Microbiota 
The firmly adherent, MUC2-derived colonic mucus layer is a critical factor in 
the colonic mucosal protective mechanisms. The importance of the colonic 
mucus barrier in intestinal homeostasis is evident in mice deficient in the gel-
forming colonic mucin Muc2, who spontaneously develop colitis (69). A defec-
tive Muc2 also increases susceptibility to colitis (1). The firmly adherent mucus 
layers has also been shown to be devoid of bacteria which highlights its barrier 
function in the colon (20).  

We showed in study II that the firmly adherent mucus of rats subjected to 
DSS treatment was thinner on days 2 and 3, but from days 4-9 it increased 
compared to control levels. This indicates a breach in the firmly adherent mu-
cus early on in the induction of disease. On the experimental day, after 9 days 
of DSS, the mucus was thicker. By pharmacological inhibition of different 
NOS-isoforms and COX, we showed that the increased mucus thickness was 
iNOS-dependent. We speculate that this iNOS-dependent mucus thickness 
increase is a compensatory protective mechanism. However, iNOS and COX 
are also involved in basal regulation of mucus secretion. Immunohistochemical 
staining of the colonic mucosa showed that iNOS is constitutively expressed in 
the epithelium and that it is strongly up regulated in DSS colitis. The results 
were confirmed in iNOS deficient mice, which had significantly thinner mucus 
than wild-type mice.  

In study IV, we investigated the colonic microbiota by culturing and PCR-
based methods. In control rats, the number of bacteria colonizing the firmly 
adherent mucus layer was significantly lower than the loosely adherent mucus. 
Although our results did not agree with Johansson et al (20), who showed that 
the firmly adherent mucus was devoid of bacteria, we show a ten-fold reduction 
in the number of bacteria compared to the loosely adherent mucus. In addition, 
the composition of the microbiota and dominating bacterial populations dif-
fered substantially between the loosely- and firmly adherent mucus layers, fur-
ther strengthening the idea that the firmly adherent mucus layer functions as a 
barrier against luminal bacteria. One consideration of our protocol was the risk 
of cross contamination when collecting the individual mucus layers. However, 
it is not likely, since the T-RFLP data from the two layers showed remarkably 
different bacterial profiles. Our data also indicate that only certain bacteria are 
able to penetrate the firmly adherent mucus.  

In DSS-colitic rats, both the differences in the number of bacteria as well as 
bacterial composition between the two mucus layers were obliterated. This 
confirmed the indications from study II that DSS disrupts the mucus barrier. 
Interestingly, rats that had been pretreated with L. reuteri before administered 
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DSS, and did not develop any intestinal inflammation, still showed the same 
signs of mucus barrier breach as colitic DSS rats. Thus, DSS breaks down the 
mucus barrier, allowing commensal bacteria to colonize the firmly adherent 
mucus. Consistent with the breach in the mucus barrier in DSS treated rats that 
develop colitis, high levels of tranlocated bacteria were found in the mesenteric 
lymph nodes.  

The effects of Lactobacillus reuteri 
In Study III we wanted to investigate the positive effects of L. reuteri pretreat-
ment on DSS-induced colitis, by studying its effect on the interaction between 
endothelium and leukocytes and platelets. During the 9 days that DSS was 
administered to induce colitis, rats experienced a gradually increasing Disease 
Activity Index (DAI), which culminated on the day of the experiment with 
bloody stool and diarrhoea, and displayed histological damage in the distal co-
lon that covered approximately 50% of the mucosa. Treatment with L. reuteri 
for 7 days prior to, and during the 9 days of DSS treatment, reduced both DAI 
and the histological damage to control levels.  

To further investigate the DSS-induced inflammation and the anti-
inflammatory effect of L. reuteri, we quantified the P-selectin expression in the 
gastrointestinal tract and found that it is up regulated in the colon during DSS-
induced colitis, with the highest levels observed in the distal colon. Using in-
travital videomicroscopy, the physiological implication of the DSS-induced P-
selectin up regulation was observed as increased numbers of leukocyte-
endothelial cell interactions, both in mucosal- and submucosal venules. Pre-
treatment with L. reuteri reduced P-selectin expression and leukocyte-
endothelial cell interactions to control levels.  

In non-treated controls, P-selectin is expressed in a gradient with higher lev-
els in the submucosa and muscularis than in the mucosa. The colonic mucosal 
lining, which is closest to the massive inflammatory stimuli of the lumen, may 
by virtue of a P-selectin deficiency resist leukocyte recruitment and thus prevent 
inflammation. The deeper layers of the colon wall have higher levels of P-
selectin expression and, as a consequence of this, more leukocyte-endothelial 
cell interactions. The difference in P-selectin levels as well as leukocyte rolling 
in the different layers of the colonic wall was totally abolished after DSS-
induced colitis, indicating that the anti-inflammatory property of the superficial 
colonic microcirculation was lost following DSS treatment. Pretreatment with 
L. reuteri prior to DSS treatment normalized P-selectin levels, and restored the 
P-selectin gradient, leading to control level leukocyte-endothelial cell interac-
tions.   

Since platelets have been implicated in the pathogenesis of IBD, we wanted 
to investigate platelet-endothelial cell interactions in the colonic microcircula-
tion in our colitis model. We took platelets from a non-treated donor rat, and 
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fluorescently labelled them before infusing them into the experimental rat, and 
then studied the colonic microcirculation using intravital fluorescence videomi-
croscopy. We observed platelets that transiently interacted exclusively with the 
endothelium, which was an event that was more frequent in colitic rats. Pre-
treatment with L. reuteri before DSS induction of colitis reduced the number of 
platelet-endothelial cell interactions significantly. The significance of the tran-
sient interactions between platelets and the endothelium we observed is unclear. 
It has, however, been shown that platelets can deposit “regulated upon activa-
tion, normal T cell-expressed and secreted” (RANTES) on the endothelium, 
which facilitates leukocyte recruitment (72, 73) and that mice depleted of plate-
lets before rendered DSS-colitic have less leukocyte-endothelial cell interactions 
(74), thus implicating platelets as an integral part of the inflammatory process.  

After the indications that platelets may amplify immune responses and play 
an important role in the pathogenesis of IBD (19), several clinical studies of 
heparin as a treatment option have been performed, though any beneficial ef-
fects must be weighed against the obvious increased risk of rectal bleeding (6). 
Our study, where platelet-endothelial cell interactions were normalized using a 
probiotic bacteria, may provide a safer alternative to heparin treatment for IBD 
in decreasing the contribution of platelets to the inflammatory process. 

In study IV, we investigated the impact of DSS and L. reuteri on the colonic 
microbiota by culturing and PCR-based methods. In control rats, the number 
of bacteria and the composition of the microbiota differed substantially between 
the loosely- and firmly adherent mucus layers. These differences were obliter-
ated when DSS was administered, indicating a destroyed mucus barrier, as de-
scribed above. Interestingly, rats that had been pretreated with L. reuteri before 
administered DSS, and that did not develop any intestinal inflammation, still 
showed the same signs of mucus barrier breach as colitic DSS rats. Thus, DSS 
breaks down the mucus barrier allowing commensal bacteria to colonize the 
firmly adherent mucus.  Consistent with the breach in the mucus barrier in 
DSS-colitic rats, high levels of tranlocated bacteria were found in the mesenteric 
lymph nodes.  

However, L. reuteri-treated DSS rats had significantly lower levels of translo-
cated bacteria in the mesenteric lymph nodes, suggesting that even though the 
mucus barrier was destroyed, barrier function was upheld. The protective effect 
of L. reuteri is hence not associated with a strengthened firmly adherent mucus 
barrier.  

The mechanism behind L. reuteri’s anti-inflammatory effect is not resolved. 
However, since no significant improvements in microbial composition or mu-
cus barrier function was observed with the supplement of L. reuteri, the protec-
tion appears to be situated in the epithelial barrier. The probiotic mix VSL#3 
has been shown to ameliorate colitis by maintaining tight junction protein ex-
pression (37). Still, it is not ruled out that the strengthening of the barrier could 
be associated with an altered expression of membrane-bound mucins. Probiotic 
lactobacilli have been shown to adhere to intestinal epithelial cells in the duo-
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denum and induce transcription of membrane bound mucin MUC3 (29). 
Another research group showed in vitro that probiotics inhibit E. coli adherence 
by inducing mucin gene expression (30). Other studies have indicated that the 
effect of similar probiotic bacteria involves signalling through PRRs (12, 55, 
57). The fact that L. reuteri easily translocates over the epithelium means that 
they have a good possibility of interacting with PRRs.  Thus, this point of in-
teraction is highly interesting for future studies.     

Clinical aspects 
Though the pathogenesis of IBD is not fully understood, the current dogma is 
that it is caused by a loss of tolerance towards the intestinal commensal micro-
biota. The colonic mucus barrier normally stops the microbiota from reaching 
the epithelium. In predisposed individuals, who have defects in receptors recog-
nizing bacteria or defects in barrier function, and whose colons are somehow 
challenged, tolerance for the microbiota is lost and chronic inflammation en-
sues.  IBD is associated with an impaired barrier function, although it is unclear 
if it is a result of the inflammation or a predisposing factor. Alterations of both 
the colonic microvasculature and mucus secretion, which are both integral parts 
of the colonic protective barrier function, have been reported in IBD. Although 
it may have little effect during an acute phase of inflammatory disease, thera-
peutic strengthening of the mucus barrier might maintain patients in remission 
for longer periods of time. The intestinal microcirculation assumes a proin-
flammatory phenotype during IBD, and supplies the tissue with inflammatory 
cells. Future therapeutic strategies might involve highly specific drugs, targeting 
intestine-specific inflammatory mediators that will ultimately nullify the out-of-
control inflammatory signal that perpetuates IBD. The clinical effect of probi-
otics has so far yielded contradicting results. The best effect of probiotics is seen 
in pouchitis, the inflammation of an ileoanal pouch. In CD the effects are 
modest at best, and in UC only slightly better, though it appears as if probiotics 
are beneficial in select individuals. The difficulty in anticipating the effect of 
probiotics is probably due to the extreme complexity of the microbial ecosystem 
that resides within our gut.  
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Conclusions 

• eNOS is involved in the regulation of baseline colonic mucosal blood 
flow 

 
• Colitic rats have a higher colonic mucosal blood flow than controls. 

This increased blood flow is dependent on up regulated levels of eNOS 
 

• Prostaglandins are involved in the regulation of baseline colonic mucus 
secretion 

 
• iNOS is constitutively expressed in the colonic epithelium and is in-

volved in the regulation of baseline mucus secretion 
 

• Colitic rats have thicker firmly adherent colonic mucus than controls. 
This increased mucus thickness is dependent on up regulated levels of 
iNOS in the epithelium  

 
• The firmly adherent mucus acts as a partial barrier against luminal bac-

teria. DSS destroys the barrier function of the firmly adherent mucus.  
 

• Lactobacillus reuteri prevents DSS-induced colitis by normalizing P-
selectin levels in the colon, and thus normalizing leukocyte- and plate-
let endothelial cell interactions 
 

• DSS, irrespectively of  the addition of L. reuteri, alters the colonic mi-
crobiota 

 
• The protective effect of Lactobacillus reuteri does not appear to be asso-

ciated with a strengthening of the mucus barrier, but with a streng-
thened epithelial barrier  
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Future Perspectives 

We will further investigate probiotics, but also prebiotics and synbiotics, and 
the effect that they have on disease severity in different animal models of IBD, 
as well as studying their impact on the microbiota and mucus barrier.  

Naturally, we are interested in studying the mechanism with which L. reuteri 
exerts its anti-inflammatory effect. We already have preliminary data that reveal 
NO-producing capabilities of L. reuteri and we have in vivo observed a two-fold 
increase in NO pressure in the distal colon of L. reuteri-treated rats. The appar-
ent effects of NO on microcirculation, mucus secretion and other events in the 
intestine, make it interesting to further investigate the NO-producing ability of 
L. reuteri. In addition, our data indicate that L. reuteri strengthens the epithelial 
barrier, thus it would be interesting to study tight-junction protein expression 
in the colonic epithelium. It would also be of interest to investigate the expres-
sion of other, membrane-bound mucins that may be involved in improved 
barrier function.  

 Another interesting field of investigation is the interactions between L. 
reuteri and the immune system. We intend to study this mainly by using mice 
deficient in receptors involved in bacterial recognition.  

Our data indicate that the L. reuteri strain R2LC colonized the rat colon and 
pilot experiments using R2LC only have shown similar anti-inflammatory po-
tential as the L. reuteri cocktail. It appears as if this bacterial strain was in fact 
the strain responsible for the anti-inflammatory effects, although it is not ruled 
out that the non-colonizing strains might have had an effect en passant. Further 
studies of the anti-inflammatory potential of R2LC are needed.  

Changes of the microbiota may perhaps initself trigger inflammatory bowel 
disease. Since DSS was shown to alter the colonic microbiota it would be inter-
esting to “transplant” that microbiota into a control rat that has undergone 
broad-spectrum antibiotic treatment and thus lacks a microbiota of its own, and 
examine whether this treatment leads to any inflammatory changes.  

It is also of interest to investigate the therapeutic potential of substances that 
increase mucus thickness, thereby strengthening the colonic barrier function 
and also investigate the effects of prostaglandins on colonic mucosal blood flow 
in health and disease.  
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Svensk sammanfattning 

Bakgrund 
Inflammatorisk tarmsjukdom utgörs till största delen av Crohns sjukdom och 
Ulcerös Kolit. Nästan 1 % av europas befolkning lider av någon inflammatorisk 
tarmsjukdom vilket kvalificerar den som en folksjukdom. I tjocktarmen finns 
fler bakterier än vad vi har celler i hela kroppen och dessa bakterier lever i har-
moni med kroppens immunförsvar. Etiologin bakom inflammatorisk tarmsjuk-
dom är okänd men den verkar bero på att man förlorar toleransen mot de bak-
terier som lever i vår tarm, vilket gör att en okontrollerad och kronisk inflam-
mation bryter ut. En inflammation i tjocktarmen kallas allmänt för kolit.  

Metoder 
Studierna i denna avhandling är utförda på råttor och möss. Efter att djuren 
sövts sätts artär- och venkatetrar in, för övervakning av blodtryck samt för infu-
sion av saltlösning och olika läkemedel. En trakealtub förs även ned i luftstru-
pen för att underlätta andningen. Djurets kroppstemperatur bibehålls genom en 
värmedyna som är kopplad till en rektaltermometer. Buken öppnas kirurgiskt 
och ett 1 cm långt longitudinellt snitt görs i tjocktarmens nedersta del med 
hjälp av diatermi. Tjocktarmen vänds sedan, med valfri sida uppåt, över en 
plexiglaskon och fixeras med nålar. Ett hålförsett tempererat lock sätts sedan 
över tarmen och fylls med kroppstempererad fysiologisk koksaltlösning. Detta 
möjliggör att man kan studera tarmslemhinnan med intakt blodflöde och slem-
sekretion. Blodflöde studeras genom Laser-doppler flödesmetri. Med hjälp av 
ett mikroskop kopplat till en videokamera kan individuella blodkärl studeras 
med avseende på interaktioner mellan vita blodkroppar, blodplättar och endo-
telcellerna i kärlet. Slemtjockleken kan mätas under mikroskop med hjälp av en 
mikropipett kopplad till en mikromanipulator med mätfunktion. Slem kan 
även samlas in varpå bakteriekvantifieringar och karakteriseringar kan utföras. 
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Resultat 
Studie I 
Vi har, genom Laser-doppler flödesmetri-mätningar i tjocktarmens slemhinna, 
visat att kolitiska djur i två olika kolitmodeller, där den ena liknar Crohns sjuk-
dom och den andra Ulcerös kolit, har ett högre blodflöde än kontroller. 

Genom att farmakologiskt specifikt hämma det kväveoxidproducerande en-
zymet iNOS, och ospecifikt hämma de två andra kväveoxidproducerande en-
zymerna eNOS och nNOS, konkluderade vi att iNOS inte är involverad i den-
na blodflödesökning. RT-PCR visade att iNOS och eNOS uppregleras, medan 
nNOS bibehålls vid kontrollnivåer vid kolit. Dessa resultat tyder på att det är 
eNOS-uppregleringen som ligger bakom blodflödesökningen i tjocktarmens 
slemhinna under kolit.  

Studie II 
Vi har genom in vivo experiment mätt tjockleken på den fast adhererande slem-
barriären i tjocktarmen på råtta och observerat att tjockleken ökar under in-
flammatorisk tarmsjukdom. Genom att mäta tjockleken i djur som befann sig i 
olika faser av sjukdomsinduktionen observerade vi att slembarriären blir tunna-
re under de tidigaste stadierna, för att därefter signifikant öka i tjocklek. Det 
förefaller som om slembarriären först bryts ned, och som svar på detta kompen-
serar tarmen genom att öka slemsekretionen. Genom farmakologisk hämning av 
kväveoxid- och prostaglandinsystemen konkluderade vi att även om prostglan-
diner är viktiga i basalsekretion av slem, så är det inducerbart kväveoxid-syntas 
som är ansvarigt för den ökade slemsekretionen som ses under inflammatorisk 
tarmsjukdom. Immunohistokemi visade även att iNOS är kraftigt uppreglerat i 
tjocktarmsepitelet hos djur med inflammatorisk tarmsjukdom, men även i kon-
troller finns iNOS uttryckt i epitelet. Resultaten från råttstudierna bekräftades i 
möss som saknade genen för iNOS. Sammantaget visade resultaten att iNOS 
uppregleras i råttans tarmepitel under inflammatorisk tarmsjukdom vilket leder 
till att slemtjockleken ökar. 

Studie III 
Vi har visat att Lactobacillus reuteri kan förebygga uppkomsten av kolit i råtta. 
En cocktail innehållande 4 olika reuteri-stammar gavs dagligen sju dagar innan 
sjukdomsinducering samt under induceringen i nio dagar. Cocktailen innehöll 
109 bakterier och gavs via sondmatning. Ett sjukdomsindex baserat på viktför-
lust, avföringskonsistens och fekal blodförekomst sammanställdes under de 9 
dagar koliten inducerades.  L. reuteri-cocktailen reducerade sjukdomsindex ned 
till kontrollnivå och en histologisk undersökning visade att ”histological damage 
score” även den var på kontrollnivå. Adhesionsmolekylen P-selektin, som är 
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ansvarig för ett tidigt steg i rekrytering av vita blodkroppar samt blodplättar, var 
kraftigt uppreglerat i framförallt distala kolon i kolitiska djur. Denna uppregle-
ring hämmades av förbehandling med L. reuteri. In vivo studier av mikrocirku-
lationen i distala kolon konfirmerade P-selektinresultaten där vi både såg mer 
rullande vita blodkroppar och fler interagerande blodplättar i kolitiska djur. 
Denna ökade leukocyt och trombocytaktivitet uteblev om djuren förbehandlats 
med L. reuteri. 

Studie IV 
Syftet med studie IV var att undersöka hur bakteriefloran påverkas av inflam-
matorisk tarmsjukdom, samt av behandling med den probiotiska bakterien L. 
reuteri. Genom att individuellt samla in de två slemlager som vi visat finns i 
tjocktarmen har vi kunnat analysera bakterieinnehåll på två olika nivåer. Bakte-
rieodling visade i kontrollråttor, samt i råttor som fått L. reuteri, att det löst 
adhererande yttre slemlagret har signifikant fler bakterier än det inre fast adhe-
rerande slemlagret, vilket indikerar att det inre slemlagret har en barriärfunktion 
som hindrar bakterier att nå epitelet. I råttor som har fått det sjukdomsinduce-
rande medlet DSS, och därmed har inflammatorisk tarmsjukdom, är denna 
bakteriegradient i slemmet utplånad så att lika många bakterier koloniserar det 
inre som det yttre slemlagret, vilket indikerar att det inre lagret har förlorat sin 
barriärfunktion. TRFLP-analys av slemlagren visade också i kontrollråttor samt 
i råttor som fått L. reuteri att även mikroflorans sammansättning skiljer sig åt 
mellan de två slemlagren. I råttor som fått DSS skiljde totalsammansättningen 
av floran jämfört med kontrolldjur, samtidigt som skillnaden mellan de två 
slemlagren var utplånad. Således förstör DSS slembarriären i tjocktarmen hos 
råtta. För att mäta bakteriell translokation över epitelmembranet samlade vi in 
mesenteriska lymfnoder, vilka undergick odling samt TRFLP analys. Odlingen 
visade att L. reuteri förbehandling minskade translokationen signifikant i DSS-
djuren vilket indikerar att L. reuteri förbättrade barriärfunktionen i epitelet. 
DNA-sekventiering av kolonierna visade att den dominerande odlingsbara bak-
terien som translokerat, oavsett behandling, var Lactobacillus johnsonii.  TRFLP-
data visade även att sammansättningen på de translokerade bakterierna hos 
djuren som fått enbart DSS skiljde sig från alla andra djur. 

Slutsats 
Resultaten av dessa studier visar på en vaskulär samt slemsekrerande involvering 
under en kolit. eNOS förefaller vara ansvarig för ett ökat mukosalt blodflöde 
och iNOS för ökad slemsekretion i tjocktarmen. Det inre fast adhererande 
slemlagret fungerar som en barriär mot lumenbakterier, och denna barriär bryts 
ned av DSS. P-selektin-uppregleringen under en kolit ligger bakom de ökade 
leukocyt- och trombocyt-endotelcells interaktionerna. Lactobacillus reuteri före-
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bygger uppreglering av P-selektin och interaktionen mellan de inflammatoriska 
cellerna och endotelet, samt minskar den DSS-inducerade bakteriella transloka-
tionen, och därmed skyddas råttorna mot kolit.  
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