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INTRODUCTION; OUTLINE OF THIS THESIS 

The function of the intestinal epithelium is rather complex. On the one hand it has to 

absorb all required nutrients from the lumen, on the other hand it has to maintain a 

barrier function between the lumen and the internal milieu. The importance of the 

barrier function is impressive considering the large number of bacteria, viruses and 

parasites and their toxins in the lumen in addition to potential antigenic food 

substances. It is therefore understandable that organisms have developed a complex 

barrier system. The system comprises the gastric low pH, the peptidases secreted into 

the gastro-intestinal lumen by specialized glandular structures, the mucus layer which 

can act as a physical barrier, and peristalsis, which propels food boluses and in the 

interdigestive state cleans the small intestine of indigestible food fragments and 

bacteria (Mroz & Kelly 1977). Immunological defence mechanisms add to this barrier 

function and the lumen and mucus layer may serve as a substrate where e.g. secreted 

immunoglobulins can interact with luminal bacteria and antigens. The one-layer thick 

epithelium covering the basement membrane and the cells in the lamina propria can be 

considered as the cellular effectors involved in the maintenance of the barrier function. 

The work described in this thesis is focused on the epithelial cell layer. This cell layer 

consists of a large number of different cells that are renewed in a continuous way from 

the crypts to the villus apex. In the development from crypt cells to villus cells they 

acquire new capacities, i.e. only villus cells have the capacity to transport 

monosaccharides and amino acids uphill from lumen to cell interior using the Na+-

gradient. Another developmental difference concerns the tight junctions between crypt 

cells which appear to have fewer strands and are considered to be more permeable than 

the junctions between the villus cells. Whether the CI" secretory capacity, that is the 

driving force for water secretion, is lost during maturation of the cells on their way to 

the villus top is still being debated. But electrophysiological evidence (Kockerling and 

Fromm 1993) and immunocytochemical methods have shown that CI" secretion also 

occurs in ileal villus and superficial colon cells. Also the CI' channel-protein involved 

in CI" secretion is expressed in enterocytes along the villi and in superficial cells of the 

colon, at least in a subset of these cells (Ameen et al. 1995; O'Loughlin et al. 1996), 

Nutrient transport 

After their oral intake, food fragments are degraded to small molecules by enzymes 

present in salivary, gastric, pancreatic and bile secretions and by others present on the 
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intestinal surface, or in the colon by bacterial degradation. From a large number of 

reports it can be deduced that transport of small molecules from the lumen to the blood 

side is dependent on diffusion and on specific transport processes. The latter, carrier-

mediated transport processes are usually coupled directly or indirectly to the 

electrochemical gradient of Na+, which is maintained by basolaterally located, 

adenosinetriphosphate-dependent Na+K+-pumps. Besides this so-called active 

transport, facilitated carrier transport mechanisms exist, which are coupled to the 

concentration difference of nutrient substrates between the lumen and the epithelial 

cell interior. The (passive) diffusion is thought to occur through aqueous pores in the 

membranes or via aqueous pores in the tight junctions and for lipophylic compounds 

through the lipid-domains of the membranes. Fat transport involves the formation of 

micelles by bile acids and their subsequent diffusion through the aqueous mucus layer 

before epithelial uptake. 

Water transport 

The flow of water is considered to be passive from the (micro) region with a lower 

osmolarity to the (micro) region with a higher osmolarity. Therefore, the transport of 

solute across a water-permeable barrier will induce a water flow in the same direction. 

This paradigm is difficult to prove because in most experimental situations one can 

observe net water transport without an osmotic gradient between the two solutions on 

both side of a water-transporting epithelium and the postulated difference in osmolarity 

of microregions can not easily be measured. However, most efforts to measure solute 

concentrations in the lateral intercellular space have revealed increased concentrations 

of salt (Xia et al. 1995). The flow of water is through water channels, i.e. recently 

discovered proteins in the membranes called aquaporins (Ma et al. 1997), and probably 

also via co-transport through proteins which, until recently, were considered to be 

specific for Na+-coupled glucose transport (Loo et al. 1996), and furthermore via 

aqueous pores in the tight junctions. 

In addition to the passive diffusion of solutes one has to consider the possibility that 

water flow through pores can drag molecules through these pores if the pore 

dimensions allow their passage. This process has been called solvent drag. Also, the 

flow of water through a barrier with a larger rate than that of dissolved substances will 

increase their concentration against the barrier at the side where water comes from and 

decrease their concentration at the trans-side by washing away. This will increase the 
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diffusion gradient for the solute and is called the solute concentration effect. Thus, the 

flow of water from the lumen to the bloodside through the intestinal epithelium may 

affect the transport of solutes from lumen to blood. 

Macromolecular transport 

The tight junctions are normally impermeable for large molecules, and essential 

macromolecules like epidermal growth factor and IgG from maternal breast milk are 

transported via specific receptor-mediated endocytosis (Sanderson and Walker 1993). 

Non-essential and potentially antigenic large molecules appear to be taken up from the 

lumen in very small amounts and only via non-specific endocytic processes. 

Specialized, so-called M cells have less microvilli and show high endocytic activity. 

Their specialized function has been studied extensively (Neutra 1998) and especially 

their intimate contact with lymphocytes suggests that they play a key role in sampling 

the luminal content and signalling to the immune system. 

However, transporting enterocytes also show endocytic activity and although most 

macromolecules are degraded in lysosomal compartments after uptake, a small but 

significant amount can be transported in an intact form. Enterocytes may therefore also 

play a role in presenting luminal antigens or their fragments to the immune system 

(Mayer 1998). The general idea is that when antigens or their immunogenic 

degradation products are presented via these pathways in normal physiological 

conditions, the organism can develop so called oral tolerance to the luminal 

compounds. That is, a later challenge with these compounds would not induce an 

immune reaction, not even after systemic exposure to these compounds. 

However, it is clear that even a small breakdown of the intestinal barrier will increase 

the antigenic load and may exceed the capacity of homeostatic mechanisms, leading to 

oral intolerance, anaphylactic reactions or inflammation. It is therefore clear that the 

measurement of the epithelial permeability i.e. its barrier function is important to relate 

possible epithelial defects to clinical disorders. 

Clinical permeability tests 

The most frequently used non-invasive clinical permeability tests are the so-called 

"double sugar" tests and tests using mixtures of low molecular weight 

polyethyleneglycols (PEG's), and nowadays they are widely used as a diagnostic tool 

for intestinal barrier function. The double sugar test detects the urinary recovery of 
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orally ingested, passively absorbed non-metabolized disaccharides and hexose sugars, 

usually lactulose or cellobiose and mannitol or rhamnose. In the interpretation of the 

double sugar test, the urinary recovery of lactulose (MW 342) is considered to reflect 

epithelial paracellular permeability. To compensate for individual variations in gastric 

emptying, small intestinal transit time and urine volume, the recovery of lactulose is 

expressed as its ratio to the recovery of the smaller compound mannitol (MW 182). An 

increased ratio is considered indicative for increased permeability of the intestinal 

barrier. Increased ratios have been reported in several intestinal diseases e.g. coeliac 

disease, Crohn's disease, tropical sprue, viral enteritis, food allergy, diabetic diarrhea, 

human immunodeficiency virus enteropathy and bacterial overgrowth associated with 

immunodeficiency. However, the basic mechanisms regulating the in vivo intestinal 

permeation of such probe molecules of different sizes are still incompletely understood 

and remain subject to controversy in the interpretation of these tests (Travis and 

Menzies 1992; Hollander 1993). Likewise, the relatively high urinary recovery of 

PEG's compared to sugars of similar molecular weight has led to a debate about the 

role of lipophilicity in the intestinal permeation of PEG's. 

Outline of this thesis 

The first section of this thesis concerns these clinical tests for permeability, the double 

sugar test and the PEG permeability test. 

The aim of chapter 2 was to elucidate the background of the extremely large 

difference (40 x) between the urinary recovery of mannitol and that of lactulose in 

human double sugar tests. 

From comparisons between urinary recovery ratios in different animals in vivo and 

transepithelial transport ratios in vitro we hypothesized that the large difference 

between mannitol and lactulose recovery in vivo was due to an extra driving force for 

mannitol transport in addition to its diffusion gradient. This extra force was thought to 

be due to solvent drag, which is generated by the water flow from the lumen into the 

villi because of an osmotic gradient. The gradient may be generated and maintained by 

a countercurrent multiplier system consisting of the countercurrent exchanger 

configuration of the blood vessels in the villi and the active solute transport mechanism 

in the enterocytes. Solvent drag is only effective on molecules which can pass the 

pores, e.g. mannitol, but lactulose may be too large. So, the denominator in the 

lactulose/mannitol ratio may be affected by the counter current multiplier system. A 
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decrease in the mannitol recovery may thus indicate that this system is less effective. 

Some clinical and subclinical situations are discussed in which the lactulose/mannitol 

ratio is increased not by a change in lactulose recovery, but by a decreased mannitol 

recovery which we relate to decreased active solute transport, changes in blood flow or 

shortening of the villi. 

In the third chapter we tested this hypothesis by measuring the effect of varying rates 

of solute and water transport on the clearance of mannitol and 51Cr-ethylenediamine-

tetraacetic acid (Cr-EDTA) from lumen to blood in luminally perfused small intestine 

of the cat, a species with an efficient countercurrent multiplier system comparable to 

humans. We observed a correlation between mannitol clearance from the lumen and 

water absorption, but no effect of water transport on the clearance of Cr-EDTA, a 

molecule with a similar molecular diameter as lactulose. We conclude that these results 

corroborate the hypothesis put forward in the second chapter. 

In the fourth chapter we examined the effect of water transport on the clearance of 

different molecular sizes of the other frequently used permeability marker PEG, and 

we compared it to the effect of water transport on the clearance of a more lipophilic 

compound mixture of polypropyleneglycols (PPG's) in the luminally perfused small 

intestine of the cat. We observed that water absorption strongly affects the clearance of 

smaller PEG's and of all used PPG's. From the comparison of the clearance of PEG's 

and PPG's we analysed whether the large permeability of PEG's is related to their 

lipophilicity. 

In the second section of this thesis we have attempted to modulate the permeability of 

the isolated intestine, especially the permeability for large molecules which may have 

antigenic activity. As modulators we used secretagogues (forskolin as a mimetic of 

vasointestinal peptide and carbachol as a cholinomimetic) which can be considered as 

examples of naturally occurring activators of the two most important intracellular 

pathways leading to CI" secretion. This study was prompted by the observation that 

sometimes diarrhea is related to development of increased permeability for 

macromolecules (Heyman et al. 1987; Kleinman 1991) and also because in in vitro 

studies secretagogues may increase the electrical conductance of the intestinal 

epithelium. 

In chapter 5 we describe that the activation of the cyclic adenosinemonophosphate 

(cAMP) pathway with forskolin in rat ileum can increase the CI" conductance of the 

tight junctions in addition to the activation of the cellular CI" secretory mechanism. 
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However, the activation of the Ca2+, diacylglycerol pathway with the cholinergic agent 

carbachol did not affect the CI" conductance of the tight junctions. The physiological 

function of the increased tight junctional CI" conductance is as yet unclear. In chapter 
6 we analyse whether activation of the Ca2+, diacylglycerol pathway with carbachol, or 

the cAMP pathway with forskolin, can increase the permeability for macromolecules 

in the isolated rat ileum. Moreover, we questioned whether increased permeability is 

related to activation of the muscarinic receptor. Finally we examined to which extent 

the carbachol-induced increase in macromolecular permeability is due to paracellular 

leak, or to increased endocytosis. 

In chapter 7 the generality of the carbachol effect on the macromolecular permeability 

of the small intestine was studied in another species, namely the guinea pig. The 

animals were sensitized to cow's milk to examine the possible interaction between 

increased permeability as induced by carbachol and as induced by mastcell products 

released from sensitized mast cells. We conclude that the paracellular permeability for 

macromolecules can be increased in the small intestine of the guinea pig by carbachol 

and by mast cell products. These effects are not additive, suggesting that in the 

enterocytes the same intracellular mechanism is activated. Moreover, we observed that 

the guinea pig small intestine has a high cholinergic tone, which may be related to the 

susceptibility of this species to oral sensitization. 

From the effects of carbachol on macromolecular permeability we hypothesised that 

when animals are stressed, this may lead to activation of the enteric nervous system 

leading to increased permeability for macromolecules. An effect of acute restraint 

stress on intestinal permeability for Cr-EDTA and intestinal ion secretion was shown 

by Saunders et al. (1994) in rats. In chapter 8 we exposed rats to different levels of 

subchronic noise stress. It turned out that animals that were exposed to 95 dB noise 

developed an increased intestinal permeability to macromolecules, which was analysed 

in vitro. 

In the third section (chapter 9) of this thesis the results of in vitro transport studies 

with human biopsies with very small surface areas are presented. Our studies were 

designed to find out whether: (z) it is possible to use standard forceps biopsies from 

children undergoing endoscopic examination for transport studies, (if) carbachol can 

increase the permeability in human biopsies as well, (Hi) spontaneous high 

permeability for macromolecules can be detected in a subset of patients with 

intractable chronic diarrhea, and (z'v) whether children with microvillus inclusion 

disease have increased paracellular permeability for macromolecules. 
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