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SUMMARIZING DISCUSSION 

The permeability of the human small intestine to passively absorbed non-electrolyte 

probe molecules was first evaluated in a study of Fordtran and coworkers in 1965. 

Using the invasive triple-lumen perfusion technique in human volunteers, they 

measured the osmotic reflexion coefficients of various small molecules i.e. urea, 

erythritol and mannitol (molecular radii resp. 0.23; 0.32 and 0.40 nm; MW resp. 60, 

122 and 182 D), by infusion of hypertonic test solutions containing these molecules, 

and PEG 4000 as a non-absorbed reference marker for water secretion into the 

perfusion solutions. Their first estimation of the dimensions of aqueous pores in the 

human small intestine yielded radii of 0.67 - 0.88 nm for the jejunum and 0.30 - 0.38 

nm for the ileum. 

A subsequent study (Fordtran 1967) in patients with coeliac disease indicated a 

decreased absorption of urea, erythritol and 1-xylose (radius 0.35 nm; MW 150 D), 

which was attributed to the reduction in small intestinal surface area in this disorder. 

This reduction in surface area in coeliac disease was also reflected in the decreased 

urinary recovery of orally ingested d-xylose, a pentose sugar which is absorbed not 

only by diffusion like 1-xylose, but also by facilitated (non-Na-coupled carrier-

mediated) transport (Christiansen 1959), and which is partially metabolised in the 

body and partially excreted into the urine. The reduced urinary recovery of d-xylose in 

coeliac disease was first shown by Fourman in 1948, and validated by other groups in 

later studies (Benson et al. 1957; Shiner et al. 1962). 

Menzies (1974) was one of the first to apply the principle of the measurement of the 

urinary recovery of orally ingested probe solutions to the dissaccharide lactulose 

(radius 0.50 nm; MW 342 D). This compound is absorbed by passive diffusion, not 

metabolized in the organism and fully excreted into the urine. In contrast to the 

findings with smaller probe molecules, an increased intestinal permeation of lactulose 

was observed in coeliac disease compared to healthy controls. In order to eliminate 

individual differences in gastric emptying time, intestinal dilution, transit time and 

surface area, systemic distribution, renal clearance and urine collection, a smaller non-

metabolized permeability probe e.g. mannitol was added to the test solution as a 

reference substance and the recoveries of both probes were expressed as a ratio of 

lactulose over mannitol (Menzies 1984). Mannitol recovery was decreased in patients 

with coeliac disease. Because mannitol was thought to diffuse through numerous small 

aqueous pores in the enterocyte's cell membranes, the decreased recovery should 
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reflect a decrease in absorptive surface area due to villus atrophy. The increased 

lactulose permeability indicated the increased incidence of large pores in the epithelial 

layer in this disease, which are generally assumed to be located in the tight junctions. 

This so-called "double sugar" test has since then become the most frequently used 

non-invasive method in the determination of small intestinal permeability (both probes 

are degraded by bacteria in the colon) in clinical practice (Travis and Menzies 1992). 

The hypothesis of transcellular passage of mannitol has been questioned by Hollander 

(1992), as there is as yet no evidence in support of this concept. Instead Hollander 

proposed that both probes permeate the epithelium via the paracellular pathway, but 

mannitol preferentially through the smaller tight junctional pores present in the villi, 

and lactulose through the larger, but less accessible paracellular pores in the crypts. 

This offered an alternative explanation for the observation of the large urinary 

recovery of mannitol (± 18 %) in contrast to that of lactulose (0.5 %), and also for the 

decrease in mannitol- and increase in lactulose-recovery in patients with villus 

atrophy. 

In our first report on this matter (Bijlsma et al. 1993) we showed that in isolated small 

intestinal tissue of humans and rats the lactulose/mannitol flux ratio was about 0.7, and 

that it did not change after permeabilizing the paracellular pathway with the Ca2+-

chelating agent EGTA, while the flux of both mannitol and lactulose greatly increased, 

together with with an increase in the flux of the macromolecular probe horseradish 

peroxidase (HRP, 40 KD). Thus in vitro the lactulose/mannitol ratio did not reflect 

changes in intestinal permeability to small or large molecules, and the ratio can be 

explained by the Stokes-Einstein diffusion relation for non-restrictive aqueous pores. 

Also in other species i.e. guinea pigs and rabbits the in vitro small intestinal flux ratio 

of lactulose/mannitol or Cr-EDTA (with similar molecular dimensions as 

lactulose)/mannitol were about 0.7 (chapter 2). 

In contrast, the in vivo urinary recovery ratios of lactulose/mannitol showed a large 

variation between the different species studied. While in guinea pigs and rats they 

were close to the in vitro flux ratio of 0.7, in humans and cats they were much smaller 

(± 0.03), due to an increased mannitol recovery. Moreover, the large mannitol 

recovery in humans could further be increased by adding NaCl + glucose to the oral 

test solution, indicating that water absorption influenced intestinal mannitol 

permeation, presumably by solvent drag. This led us to the hypothesis that the large 

inter-species variation in lactulose/mannitol ratios in vivo was related to differences in 
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water absorption, caused by interspecies variation in hyperosmolarity in the upper 

villus core, due to differences in countercurrent multiplication of NaCl by the blood 

flow in the villi. The interspecies differences in countercurrent multiplication 

efficiency are readily explained by the different vascular structures in the small 

intestinal villi of these species, as shown in Fig. 1. 

Fig. 1. Villous vasculature of (a) rat, (b) guinea pig, (c) cat, (d) rabbit and (e) human jejunum. A 
artery, V = vein (after Spanner 1932 (human), and Winne 1977 (animals)). 

Four main factors determine the efficiency of the countercurrent multiplier: 1) the 

active transport of Na+ from the intestinal lumen by the enterocytes, 2) the close 

apposition of enterocytes, ascending arterioles and descending capillaries allowing a 

rapid diffusion of NaCl into capillaries and from capillaries to arterioles in the upper 

villus and diffusion of water from arterioles to capillaries at the villus base, 3) a 

sufficient length of the exchange pathway between arterioles and capillaries, and 4) 

the blood supply to the villi (Jodal 1977). From Fig.l it is clear that of the tested 

species only humans and cats have a vascular anatomical structure allowing an 

efficient countercurrent exchange. In chapter 3 we tested the hypothesis put forward in 

chapter 2 in cats in vivo, by manipulating the active absorption of Na+ by means of 

different intraluminal test solution compositions in in situ perfused jejunal segments 
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with intact blood supply. Indeed it appeared that the lumen to blood clearance of 

mannitol showed an excellent positive correlation to water absorption, while the 

clearance of the larger molecule Cr-EDTA was unaffected by water absorption. This 

leads us to the conclusion that increased Cr-EDTA/mannitol or lactulose/mannitol 

urinary recovery ratios in vivo do not necessarily reflect an increased permeability of 

the intestine. While mannitol recovery reflects the rate of small intestinal water 

absorption and the efficiency of the countercurrent multiplier, lactulose or Cr-EDTA 

reflect the intestinal paracellular permeability to larger molecules. Clearly, in the 

diseased intestine several factors determining the efficiency of the countercurrent 

multiplier may be changed, i.e. impaired Na+ uptake, reduced length of the villi and 

changes in villus blood supply. Thus we propose that the urinary recoveries of 

lactulose and mannitol should not be expressed as a ratio, but instead that separate 

recovery data of these probes may provide more specific information about intestinal 

water absorption and barrier function. 

Another group of permeability probes frequently used in clinical practice are low 

molecular weight (300-700 D) mixtures of polyethyleneglycols (PEG's). They were 

introduced as such by Chadwick et al. in 1977. A lot of controversy has since then 

arisen about the interpretation of the urinary recovery of these probes, as PEG's in 

MW range 600, i.e. a larger molecular weight than lactulose, show recovery 

characteristics resembling those of mannitol. This has been attributed to the higher 

lipophilicity of PEG's compared to mannitol and lactulose (Menzies 1984; Ukabam et 

al. 1984; Iqbal et al. 1993), which may lead to an increased permeation trough the 

lipophilic cell membranes of enterocytes. On the other hand this controversy has been 

related to the linear, less globular shape of PEG molecules compared to lactulose and 

mannitol (Hollander et al. 1988, Ma et al. 1990), leading to a smaller effective 

molecular diameter. 

In chapter 4 we used different molecular weight mixtures (MW range 300-700) of 

PEG's and of the more lipophilic polypropyleneglycols (PPG's) in jejunal perfusion 

experiments in cats. The lumen to blood clearance of both PEG's and PPG's appeared 

to be strongly enhanced by water absorption, implying that the permeation of these 

probes is also influenced by the efficiency of the countercurrent multiplier mechanism. 

From the comparison of water absorption effects on different sized PEG's and PPG's 

we conclude that the effect on PEG clearance was primarily caused by solvent drag 

(like for mannitol), whereas the effect of water absorption on PPG clearance is more 

likely to be caused by solute concentration at the apical cell membrane of the 
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enterocytes. Second, by using the differential mass selectivity formula of Lieb and 

Stein (1969) for permeation of non-electrolytes through cell membranes, we conclude 

that the intestinal permeation of PEG's through the lipophilic enterocyte cell 

membrane is negligible, compared to their permeation through aqueous pores. 

However, while the permeation of water-soluble molecules through an aqueous phase 

is inversely related to the square root of their molecular weight, the permeation of 

these molecules through lipophilic membranes is at a given lipophilicity of the probe 

inversely related to approximately the cubic power of their molecular weight. This will 

presumably result in a difference in distribution volume in the body, which may 

explain the incomplete urinary recovery of low molecular weight (300 D) compared to 

larger PEG molecules (700 D) observed after intravenous injection of these probes in 

humans (Maxton et al. 1986, Bjarnason et al. 1994) and animals (Tagesson et al. 

1984). This leads us to the conclusion that low molecular weight PEG's are not very 

suitable as intestinal permeability markers, and that they do not provide more specific 

information than the "double sugar" test. Instead we advocate the concomitant use of 

much higher molecular weight probes as PEG 4000 (Parlesak et al. 1994) or 

polysucrose 15000 (Oman et al 1995), as there is a need for inert probes that reflect 

the permeability of antigenic luminal macromolecules, which in general have a much 

higher molecular weight than lactulose or Cr-EDTA. 

Clinical observations indicate that episodes of diarrhea may lead to an increased 

intestinal macromolecular permeability (Walker 1986) and allergic sensitization to 

food antigens (Kleinman 1991). In chapters 5 and 6 we studied the effects of forskolin, 

a direct activator of adenylyl cyclase leading to CI" secretion by activation of cAMP-

dependent protein kinase A (PKA), and of carbachol, a stable cholinergic agonist 

causing CI" secretion by increasing intracellular Ca2+ levels and activation of protein 

kinase C (PKC), on the transepithelial resistance of rat ileum in vitro and its 

permeability to mannitol, PEG 4000 and intact HRP. Forskolin and carbachol mimic 

the effect of respectively VIP and acetylcholine, the two most abundant secretory 

neurotransmitters in the mucosal and submucosal plexus of the small intestine 

(Furness and Costa 1980; Wood 1984). It appeared that forskolin had no significant 

effect on the mucosal to serosal fluxes of the non-electrolytes, but that it increased the 

tight junctional conductance to CI", thus causing a decrease in the transepithelial 

resistance. In contrast, under the chosen conditions carbachol had no effect on the 

transepithelial resistance, but it increased the flux of mannitol, PEG 4000 and 

especially HRP, partly by increased endocytosis and for the major part by inducing 
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tight juntional leak of this macromolecule. 

A first conclusion is that VIP-induced diarrhea does not cause an increased antigenic 

load to the immune system, in contrast to acetylcholine-induced diarrhea and 

presumbly all other forms of Ca2+- and PKC-mediated increases in secretion (e.g. bile 

salts, histamine, rotavirus toxin). A second conclusion is that increased paracellular 

permeation of macromolecules is not necessarily accompanied by a decrease in 

transepithelial resistance. 

The absence of a change in transepithelial electrical resistance is still often seen as 

evidence of the integrity of the tight junctional barrier to macromolecules ( Majaama 

et al. 1996; Malin et al. 1996; Spitz et al. 1996). However, in unstripped rat small 

intestine 80 % of the transepithelial resistance (Rt) is formed by the subepithelial layer 

(Rs) (Fromm et al. 1985), in stripped tissue Rs is still about 65 % of Rt (Hemlin et al. 

1988) and our data in chapter 5 indicate that 15 % of Rt is formed by the lateral 

intercellular spaces. Thus in a stripped tissue only 20 % of Rt is located in the tight 

junction. Taken into account that the bilateral addition of 5 mM EGTA in stripped rat 

ileum caused only a 10 % decrease in Rt, while at the same time HRP flux was 

enhanced by a factor 50 (Bijlsma et al 1993), it can be readily imagined that much 

smaller increases in HRP fluxes are not accompanied by detectable changes in Rt, 

mainly because in physiological conditions the ionic conductance of the tight junctions 

is already very high and does not have to be influenced by the induction of a relatively 

small amount of larger pores permeable to macromolecules. The lack of a correlation 

between transepithelial resistance and paracellular leak of HRP is also evident from 

the in vitro studies in guinea pig jejunum (chapter 7) and in human biopsies from 

children with chronic diarrhea and microvillus inclusion disease (chapter 9). 

Carbachol was also able to increase the endocytic uptake and paracellular permeability 

of HRP in the jejunum of cow's milk sensitized guinea pigs. It appeared that serosal 

antigen application, which induces an enhanced HRP flux via mast cell degranulation, 

had no additive effect on the carbachol-induced permeability increase, suggesting that 

mast cell products may induce an increase of macromolecular permeability via a 

similar intracellular messenger pathway in enterocytes as cholinergic agents. 

Carbachol-induced enhancements of HRP fluxes were furthermore observed in human 

small intestinal biopsies. This effect was not seen when the initial macromolecular 

permeability of the tissue was already high, and in the used concentration of 10"5 M 

the effect of carbachol on HRP permeability in human biopsies was mainly caused by 

increased endocytosis. 
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An increased endocytic uptake of HRP was also observed in the ileum of rats exposed 

to subchronic 95 dB noise (chapter 8). Whether this effect is also caused by 

cholinergic activation remains an open question, but acute restraint stress enhanced 

endocytic and paracellular permeability to CrEDTA and HRP in the jejunum of Wistar 

Kyoto rats by a peripheral cholinergic mechanism, evidenced by the blocking effect of 

peripherally acting atropine (Saunders et al. 1994; Kiliaan et al. 1998). Furthermore, 

injection of peripherally acting atropine-methylnitrate prior to acute cold restraint 

stress was able to block the stress-induced jejunal HRP permeability increase in 

Roman low avoidance rats, which are characterized by a primarily parasympatic vagal 

stress response. In contrast, jejunal HRP permeability was unaffected by this stressor 

in Roman high avoidance rats with a primarily sympathie stress response (Bijlsma et 

al. 1998). 

This indicates the involvement of cholinergic vagal neurons projecting to the intestine 

in the observed stress-induced increase of macromolecular permeability. Moreover, 

Wistar Kyoto rats which have lower intestinal Cholinesterase levels compared to the 

ordinary Wistar strain also show more profound changes in intestinal 

electrophysiological parameters and HRP permeability after restraint stress (Saunders 

et al. 1997, 1998). Interestingly, stress may also exaggerate the activity of Crohn's 

disease (Duffy 1991), and reduced serum Cholinesterase levels reveal excellent 

correlation with the Crohn's disease activity index (Tromm et al. 1992), which is also 

correlated to excessive intestinal protein loss (Beeken et al. 1972). Finally, the high 

cholinergic tone in the guinea pig intestine, which correlates to a high macromolecular 

permeability, may be related to the ease of oral sensitization to food antigens in this 

species, as we hypothesized in chapter 7. In human small intestinal biopsy studies 

(chapter 9) we also observed an enhancement of HRP fluxes by cholinergic 

stimulation, but only in tissues with initially low macromolecular permeability. 

Whether an increased cholinergic tone plays a role in the large spontaneous HRP 

permeability observed in some of the human biopsy studies of patients with chronic 

diarrhea, poliposis Coli, ulcerative colitis and Crohn's disease remains to be 

established and deserves future investigation. The large macromolecular permeability 

observed in small intestinal biopsies of patients with microvillus inclusion disease may 

primarily be related to structural abnormalities in the cytoskeleton of the enterocytes, 

which are associated with the endosomal inclusion of microvilli. 

The increase in macromolecular permeability induced by cholinergic stimuli in 

intestinal tissue may also apply to other organs, e.g. lung epithelium (Boucher 1978). 
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More recently it has also been reported that an increased cholinergic tone caused by 

stress and by inhibitors of acetylcholinesterase may lead to an increased permeability 

of the endothelial blood-brain barrier (Friedman et al. 1996, Hanin 1996). This effect 

has been related to the Gulf War syndrome, because troops were exposed to stress and 

had received acetylcholinesterase-inhibitor pretreatment as a prophylactic against 

nerve gas. 

In summary, cholinergic enhancement of intestinal macromolecular permeability may 

be an important factor leading to a loss or impairment of intestinal barrier function, 

thus allowing an increased antigenic load to the mucosal immune system This may 

lead to immune sensitization and inflammatory reactions of the gut. Numerous other 

factors e.g. cytokines (Madara and Stafford 1989; Adams et al. 1993), nitric oxide 

(Kubes 1992; Alican and Kubes 1996), other neurohumoral agents and intraluminal 

bacterial and viral toxins may also play an important role in the initiation and/or 

persistence of intestinal barrier defects associated with various intestinal diseases. The 

recent advances in unraveling the molecular structure of the tight juntional complex 

(Ballard et al. 1995; Mitic and Anderson 1998; Citi et al. 1998; Denker and Nigam 

1998) may be of pivotal importance in understanding the interaction of these factors at 

the cellular level, and thus for the sequence of events that may lead to a loss of barrier 

function in intestinal diseases. 
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