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Chapter 1: Introduction 

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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Section I 

CLINICAL NON-INVASIVE PERMEABILITY TESTS 

AND PERMEABILITY MARKERS 

Chapter 2 

DIFFERENTIAL IN VIVO AND IN VITRO INTESTINAL PERMEABILITY TO 

LACTULOSE AND MANNITOL IN ANIMALS AND HUMANS: A HYPOTHESIS 

P.B. Bijlsma, * RA. Peeters, ** JA. Groot, *P.R. Dekker, JA.J.M. Taminiau, 

* R. van der Meer 

Dept. of Pediatric Gastroenterology and Nutrition, Academic Medical Centre, 

Amsterdam; * Dept. of Nutrition, Netherlands Inst, for Dairy Research, Ede; ** Inst. 

Neurobiology, Univity of Amsterdam, The Netherlands 

Gastroenterology 1995; 108: 687-696 
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Differential In Vivo and In Vitro Intestinal Permeability to 
Lactulose and Mannitol in Animals and Humans: A Hypothesis 

PIETER B. BIJLSMA,* ROGER A. PEETERS.f JACK A. GROOT,§ PIETER R. DEKKER,f 

JAN A. J. M. TAMINIAU,* and ROELOF VAN DER MEER1" 
»Department of Pediatric Gastroenterology and Nutrition, Academic Medical Center, Amsterdam; department of Nutrition, Netherlands 
Institute for Dairy Research, Ede; and institute of Neurobiology, University of Amsterdam, Amsterdam, The Netherlands 

Background/Aims: Clinical interpretation of urinary re
covery ratios of lactulose and mannitol is hampered by 
incomplete understanding of the mechanisms of trans-
mucosal passage. The aim of this study was to com
pare in vivo and in vitro probe permeability. Methods: 
Stripped sheets of small intestine from rodents and 
human biopsy specimens were mounted in Ussing 
chambers, and mucosa-to-serosa fluxes of lactulose 
and mannitol were determined. Urinary recovery of 
orally applied probes was measured in rodents, cats, 
and humans. Results: In vitro lactulose/mannitol flux 
ratios were close to 0.8 in all species. Urinary recovery 
ratios differed between rodents and cats or humans; 
low ratios in cats and humans were due to high manni
tol recovery. Conclusions: Interspecies variation in uri
nary recovery of mannitol is caused by differences spe
cific for the intact small intestines in vivo. Because 
hyperosmolality of villus tips in vivo varies, being high
est in humans and cats as a result of vascular counter-
current multiplication, it is hypothesized that the high 
urinary recovery of mannitol in these species is caused 
by solvent drag through pores that allow the passage of 
mannitol but not of lactulose. Therefore, the lactulose/ 
mannitol ratio is primarily a standard for the normal 
functioning of villus epithelial cells in metabolite ab
sorption and for normal villus blood flow. 

The urinary recovery ratio of orally ingested lactulose 
and mannitol is frequently used as a noninvasive 

tool in the diagnosis of intestinal disorders. An increased 
ratio is usually considered to be indicative of changes in 
small intestinal barrier function and/or morphology, e.g., 
an increased permeability to antigenic luminal substances 
and villus atrophy. Mean mannitol recoveries in humans 
range from 16% to 20%, whereas the lactulose recoveries 
range from 0.2% to 0.8%, an unexpectedly large differ
ence regarding the molecular dimensions of these probes. 
The low lactulose/mannitol (L/M) recovery ratio (about 
0.025) is caused neither by a difference in luminal pro
cessing in the small intestine nor large differences in 

metabolism or renal clearance of these two compounds. 
Diffusion of lactulose and mannitol through nonrestric-
tive aqueous pores follows diffusion of solutes in aqueous 
solution, which is inversely related to the square root of 
their molecular weight or to the cube root of their molec
ular weight for solutes with a molecular weight larger 
than ± 1 5 times the molecular weight of the solvent. 
Resulting L/M diffusion ratios would be 0.73 or 0.81, 
respectively. Application of the Stokes—Einstein diffu
sion relation, in which diffusion is inversely related to 
the molecular radius of the solute, leads to comparable 
L/M diffusion ratios: 0.71 to 0.80, based on mannitol 
and lactulose diameters of 0.67 and 0.95 nm' or 0.8 and 
1.0 nm, respectively. 

The discrepancy between L/M urinary recovery ratios 
and theoretical L/M diffusion ratios led to the concept 
of the intestinal epithelium as a heteroporous layer with 
a high incidence of small pores permitting the diffusion 
of mannitol while excluding the passage of lactulose and 
a small population of larger pores allowing the diffusion 
of both lactulose and mannitol. It is generally accepted 
that the larger pores are located in the tight junctions. 
Two hypotheses about the location of the small pores 
and, hence, the main mannitol diffusion pathway have 
been described: the transcellular model formulated by 
Menzies4 and the paracellular model formulated by Hol
lander.5 The transcellular model postulates that "perme
ation of water-soluble, lipid-insoluble molecules of man-
nitol-like radius or below can take place freely through 
numerous small 'water pores' situated in the cell mem
branes of the mucosal enterocytes, whereas those of 
greater size can only pass very slowly through large para
cellular 'water channels' of low incidence." The paracellu
lar model is based on the difference in tight junction 

Abbreviations used in this paper: HPLC, high-pressure liquid chro
matography; HRP, horseradish peroxidase; L/M, lactulose/mannitol 
(ratio). 

© 1995 by the American Gastroenterological Association 
0016-5085/95/$3.00 
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structure in villi and crypts and on a difference in accessi
bility of luminal compounds to villi and crypts. The 
villus tight junctions have more strand structures and 
are postulated to be selectively permeable to mannitol-
sized and smaller solutes, whereas the crypt tight junc
tions have fewer strands and are permeable to both lactu
lose and mannitol but are less accessible for luminal 
substances than villus tight junctions. Both Menzies1 

and Hollander stress that experimental proof for their 
hypothesis is scarce and that the basic mechanisms regu
lating the in vivo intestinal permeation of probes of dif
fering sizes are incompletely understood. 

Interestingly, the L/M urinary recovery ratios in ro
dents may exceed the values in humans by a factor 10 
or more. There is no comprehensive explanation for this 
difference. 

In intestinal research in vitro, mannitol is used as a 
probe for paracellular permeability,8 but, to our knowl
edge, there are no studies comparing the simultaneous 
in vitro intestinal permeability of mannitol and lactulose 
in humans or laboratory animals. 

The question arises whether the large difference be
tween mannitol and lactulose recovery in humans in vivo 
also applies to the human intestine in vitro and to labora
tory animals either in vivo or in vitro. Therefore, we 
studied the permeability of mannirol, lactulose, and 
horseradish peroxidase (HRP) in stripped sheets of ileum 
of rats, guinea pigs, and rabbits and in human small 
intestinal biopsy specimens mounted in Ussing cham
bers. We also determined the in vitro mucosa-to-serosa 
flux of polyethylene glycol (PEG) 4000 and investigated 
the effect of solvent flow on the [51Cr]ethylenediamine-
tetraacetic acid (EDTA)/mannitol ratio in stripped rat 
ileum. Furthermore, we examined the urinary recovery 
of lactulose and mannitol after oral ingestion in rats, 
guinea pigs, rabbits, cats, and humans. 

Materials and Methods 

In Vitro Experiments 

Female rats (Wistar; 250-350 g), guinea pigs (Dun-
kun Hartley; 350-600 g), and rabbits (New Zealand white; 
1.5-2.5 kg) were anesthetized by intraperitoneal injection 
(rats, 1.0 mL/kg) or killed by intraperitoneal (guinea pigs, 
1.5 mL/kg) or intravenous (rabbits, 1.0 mL/kg) injection of 
Nembutal (Abbott, Santa Clara, CA). In rats, a midline abdom
inal ventral incision was made, and segments of distal ileum 
were ligated, incised next to the ligatures, and rinsed with 
Ringer's solution to remove intestinal contents. After ligating 
the blood supply to the segment, it was removed and rapidly 
placed in an ice-cold, carbogenated (humidified 95% 0 2 plus 
5% C02) Krebs-Ringer's solution. The segment was stripped 
of muscle layers, and flat sheets of tissue were mounted in 

Ussing chambers within 5 minutes after cutoff of the blood 
supply. In rabbits and guinea pigs, a ventral abdominal inci
sion was made, and the ileum was rapidly removed, rinsed of 
luminal contents, and placed in an ice-cold, carbogenated 
Krebs-Ringer's solution. A distal segment was stripped of 
muscle layers, and tissues were mounted in Ussing chambers 
within 10 minutes after the death of the animal. Exposed 
serosal area was 0.2 cm2 (rat, guinea pig) or 3.14 cm2 (rabbit), 
free of Peyer's patches. Silicone grease was used to minimize 
edge damage. Both compartments contained 3 mL (rabbits, 10 
mL) of a thermostated (37°C), carbogenated, and continuously 
stirred Krebs-Ringer's bicarbonate solution. Ringer's compo
sition was (in mmol/L) as follows: NaCl, 117.5; KCl, 5.7; 
NaHCO,, 25.0; NaH2P04 , 1.2; CaCl2, 2.5; and MgS04, 1.2, 
with a pH of 7.3 after carbogenation and osmolality of 290 
mOsm/kg (after addition of probe solutions). In some experi
ments, transepithelial potential difference and resistance were 
continuously monitored with Ringer-calomel electrodes and 
by voltage deflections induced by 10-(XA bipolar current pulses 
through platinum wires. Resistance was calculated according 
to Ohm's law. The electrodes and platinum wires were con
nected with the chambers via Ringer-agar bridges. 

Human forceps biopsy specimens were obtained by routine 
oral endoscopy (duodenum) or colonoscopy (ileum) and imme
diately placed in an ice-cold carbogenated Krebs-Ringer's so
lution. Suitable tissue was orientated and mounted under a 
dissection microscope in Ussing chambers as used by Grasset 
et al.,9 using a modified aperture. The time between obtaining 
the specimens and the mounting in Ussing chambers was < 15 
minutes. Compartments contained 1.5 mL Ringer's; exposed 
serosal area was 0.0175 cm2; and transepithelial potential dif
ference and resistance were continuously monitored as de
scribed earlier using l-|lA bipolar current pulses through plati
num wires connected to the chambers via Ringer-agar bridges. 

In the first series of experiments with rat ileum, after a 15-
minute equilibration period, 10 |Xmol/L [14C]mannitol (2 |XCi), 
10 Hmol/L [3H]PEG 4000 (10 n.Ci), and 10 |lmol/L HRP 
were added to the mucosal compartment (final osmolality, 290 
mOsm/kg). Serosal samples were taken every 15 minutes and 
replaced by an equal volume. In the next series, 10 mmol/L 
of both mannitol and lactulose were added to the mucosal side 
(in some of the experiments, together with 10 |Xmol/L HRP), 
and 10 mmol/L inosine and 5 mmol/L NaCl were added to 
the serosal side to maintain isosmolality. Setosal samples of 
0.2 mL were taken every 15 minutes during 150 minutes 
and replaced by fresh Ringer's solution containing 10 mmol/ 
L inosine and 122.5 mmol/L NaCl. The samples were analyzed 
using high-performance liquid chromatography (HPLC). In 
other experiments, 50 (iCi f51Cr]EDTA and 10 |lCi [14C]-
mannitol were added together with 10 mmol/L mannitol and 
lactulose to the mucosal side, and serosal samples of 0.2 mL 
were taken and replaced by fresh Ringer's every 4 minutes 
during the first 20 minutes, at 30 minutes, and evety 15 
minutes during the remaining 120 minutes. In some of these 
experiments (tat ileum only), the mucosal bathing solution 
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was replaced by a hypotonic Ringer's solution (134 mOsm/ 
kg) with reduced NaCl content or the serosal solution was 
replaced by a hypertonic Ringer's solution (640 mOsm/kg) 
containing a higher mannitol concentration at the time of 
probe additions. 

HPLC 

Serosal samples of 100 UL (conraining 0.002% NaN3 

as a preservative) were analyzed for mannitol and lactulose 
content by HPLC using two anion exchange columns in series 
(Carbonpack PA1; Dionex, Breda, The Netherlands), with a 
0.1-mol/L NaOH solution as the isocratic mobile phase fol
lowed by pulsed amperometric electrochemical detection on a 
gold electrode (Dionex PED). 

Detection of Radiochemicals 

Samples of 100 or 200 (XL were mixed with 5 mL 
scintillation fluid (Lumogold; Packard, Meriden, CT) and 
counted in a scintillation counter (Packard 1600CA) using the 
3H window for detection of [51Cr]EDTA. Correlation coeffi
cient between radiochemical and HPLC detection of mannitol 
was >0.99. 

Colorimetric Assay of HRP Activity 

The appearance of intact HRP in the serosal bath was 
measured enzymatically. In short, a 0.1-mL sample of test 
solution was mixed with 1.4 mL phosphate buffer (0.1 mol/ 
L, pH 6.0) containing 0.003% H 2 0 2 and 0.009% ortho-dianis-
idine dihydrochloride. The linear, HRP concentration-depen
dent rate of increase in optical absorption at 460 nm was 
determined with an Eppendorf photometer (Hamburg, Ger
many). 

In Vivo Experiments 

Animals were placed in metabolic cages at 6 AM with 
free access to water and food, and control urine was collected 
until 6 PM. At 6 PM, an aqueous solution containing 0.1 g/ 
mL mannitol and 0.2 g/mL lactulose (1140 mOsm/kg) was 
given intrapharyngeally with a cannulated syringe (rabbits and 
cats, 5.0 mL; guinea pigs and rats, 1.0 mL). Urine was collected 
overnight until 6 AM, and NaN3 (0.002%) was added as a 
preservative. During the experiments, food intake by the ani
mals was minimal, resembling the mild fasting conditions in 
the human tests. Volunteers fasted during the morning until 
12 AM but were allowed to drink water or tea without sugar; 
at 9 AM, after collection of control urine, they ingested a 100-
mL aqueous solution containing 2.3 g mannitol and 5.5 g 
lactulose (290 mOsm/kg). One volunteer was intubated with 
a flexible polyethylene tube inserted into the small intestine 
until the ligament of Treitz under X-ray monitor guidance; 
200 mL of an isosmolar rest solution containing 4.6 g mannitol 
and 11.0 g lactulose was continuously infused with a volumet
ric pump (Ivac 591 Star Flow; Ivac, Nieuwegein, The Nether
lands) during 1.5 hours (flow rate, 2.2 mL/min). Complete 

urine collections were made for 6 hours until 3 PM. NaN3 

(0.002%) was added as a preservarive. 

Urine Preparation for HPLC 

A saturated NaOH solution was added (10 JlL/ml 
urine), urine was stirred for 10 seconds and centrifugated for 
10 minutes (2500 rpm), and the supernatant was collected. 
Then 0.5 g of Duolite MB 5113 resin was added per milliliter 
of supernatant, stirred for 1 hour, and precipitated. Samples 
from animals were diluted 10-fold and human samples were 
diluted 50-fold in distilled water before HPLC analysis of 100-
Ul aliquots as described earlier. 

Ethical Guidelines 

The in vitro studies of human intestinal tissue were 
approved by the local medical ethical committee, and all ani
mal studies were approved by the local welfare committee for 
animal experiments. 

Results 

In Vitro Experiments 

Electrophysiology. All tested tissues except those 
from guinea pigs showed a serosa-positive potential dif
ference of 1-3 mV after mounting in the Ussing cham
bers; this difference decreased to steady-state values of 
0 .2-1 .5 mV within 1 5 - 3 0 minutes. Transepithelial re
sistance at this time ranged from 20 to 40 Q. • cm and 
remained constant during the time course of the flux 
experiments (150 minutes from time of addition of the 
probes). Guinea pig ileum had higher steady-state poten
tial difference values (about 4 mV) and resistance values 
of 4 0 - 5 0 Q-cm 2 . Histological appearance of tissues at 
the end of experiments judged by light and electron 
microscopy was normal, except for excess mucus produc
tion, especially by rabbit and human tissues. The mainte
nance of a low cellular electrochemical sodium potential 
by the tissues was tested by bilateral addition of 10 
mmol/L D-glucose at the end of the flux experiments, 
resulting in serosa-positive potential changes of about 2 
mV in human specimens and 4 - 6 mV in the animal 
tissues. This shows that even after prolonged experimen
tal periods, the cells maintain their sodium gradient; 
therefore, apparently they are not anoxic. 

Mannitol, PEG 4000 , and HRP flux. In the first 
series of experiments, we compared the fluxes of the 
probes, [14C]mannitol, [3H]PEG 4000 (average molecu
lar weight, 4 kilodaltons), and HRP (molecular weight, 
40 kilodaltons), through stripped rat ileum (n = 7). The 
fluxes of mannitol and PEG 4000 reached a steady-state 
value at 30 minutes and remained constant until the end 
of the experimental period (150 minutes). Mannitol flux 
was 184 ± 30 pmol • crrT2 • h"1 , and PEG 4000 flux was 
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Table 1 . In Vitro Steady-State Fluxes of Lactulose and Mannitol and L/M Flux Ratios 

Species and tissue Mannitol flux [nmol- cm'2- h ') Lactulose flux {nmol- cm 2-h 1) L/M flux ratio n 

0.76 ± 0.04 6 
0.68 ± 0.02 8 
0.89 ± 0.03 4 
0.84 ± 0.09 4 
0.78 ± 0.05 8 

Guinea pig ileum 
Rat ileum 
Rabbit ileum 
Human duodenum 
Human ileum 

133 ± 10 
174 ± 24 

70 ± 11 
153 ± 13 
193 ± 30 

100 ± 3 
118 ± 15 

62 ± 9 
127 ± 14 
144 ± 16 

NOTE. Fluxes are means ± SEM from 30 to 150 minutes; n = number of tissue preparations per biopsy specimen (two tissues per animal or 
human). 

27 ± 5 pmol • c m - " • h~ . The flux of HRP reached a 
steady-state value at about 75 minutes (3.1 ± 0.4 
pmol • cm - " • h~ ) and remained constant. The apparent 
permeability coefficients for mannitol and PEG 4000 
were calculated from the flux divided by the concentra
tion as follows: Pmanlmol = 5.1 • 10~6 ± 0.8- 10"6 cm/s 
and PpEG-iooo = 0 .75-10" 6 ± 0 .14-10~ 6 cm/s. Their 
ratio was 0.15 ± 0.02. The HRP fluxes in the other 
tissues were comparable with the flux in rat ileum (guinea 
pig ileum, 2.5 ± 0.5 [n = 5]; rabbit ileum, 4.3 ± 1 . 8 
[n = 6]; human duodenum, 4.5 ± 0.8 [n = 4]; and 
human ileum, 3.1 ± 1.1 pmol • c m - 2 • h~' [n = 8]). 

Mannitol and lactulose flux. Steady-state fluxes 
of both mannitol and lactulose from 30 to 150 minutes 
and flux ratios during the same time span are summarized 
in Table 1. In all preparations, mean fluxes of lactulose 
and mannitol were in the range of 100 nmol • cm - " • h~' , 
and L/M flux ratios were close to theoretical diffusion 
ratios through nonrestrictive aqueous pores (0.7-0.8) . 

To compare the time course of the fluxes during the 
first 30 minutes after addition of the probes, we used 
[' 'C]mannitol and, instead of lactulose, [51Cr]EDTA, be
cause HPLC derection of lactulose and mannitol during 
this initial period was not sensitive enough to detect flux 
kinetics during short-term intervals (4 minutes). 

Results of human duodenal biopsy specimens are sum
marized in Figure 1. The flux dara for both probes show 
similar kinetics. Moreover, the ["CrJEDTA/f^C]-
mannitol flux-ratios were comparable with L/M ratios as 
detected by HPLC (Table 1). Absolute and relative data 
similar to rhose obtained for human specimens in Figure 
1 were obtained with rabbit, rat, and guinea pig ileum 
(resulrs not shown). 

Effect of anisosmotic solutions. In an attempt 
to manipulate the solute flux ratio through the stripped 
rar ileum, we used anisosmotic solutions and measured 
rhe [' 'Qmannitol and [51Cr]EDTA fluxes. Control 
[51Cr]EDTA/[uC]mannitol flux ratio was 0.78 ± 0.01 
(n = 8). With serosal hyperosmolar Ringer's solution, 
the individual fluxes increased but the flux ratio decreased 
to 0.59 ± 0.04 (n = 4; P < 0.01). With mucosal 

hyposmolar solution, the flux ratio decreased to 0.66 ± 
0.03 (n = 5; P < 0.01), whereas the individual fluxes 
decreased 2-3-fold. Bilateral hyposmolality of 134 
mOsm/kg gave a similar decrease of probe fluxes, but 
[51Cr]EDTA/[14C]mannitol flux ratio was 0.80 ± 0.01 
(n = 4), not different from control values. 

In Vivo Experiments 

The urinary recoveries of lactulose and mannirol, 
expressed as a percentage of oral dose, and the L/M ratios 
found in the tested species are summarized in Table 2. 
L/M ratios in guinea pigs and rats were close to in vitro 
L/M flux ratios (Table 1) or differed by a factor 3 in 
rabbits. In contrast, this difference exceeds a factor 30 in 
humans, because of an extremely high mannitol recovery. 

~\—'—i—'—i—'—i ' r 

0 10 20 30 40 50 60 70 
t (min) 

Figure 1. Time course of development of steady-state mucosal-to-
serosal [51Cr]EDTA {•) and mannitol (D) fluxes and [51Cr]EDTA/manni-
tol flux ratios (0) in human duodenum in vitro. Because of the differ
ence in concentrations of [51Cr]EDTA (0.1 mmol/L) and mannitol (10 
mmol/L), fluxes are presented as a fraction of the steady-state flux 
(steady-state mannitol flux from 45 to 150 minutes, 244 ± 14 
nmol • cm"2-h"1; steady-state [51Cr]EDTA flux, 2.10 ± 0.14 
nmol • cm"2 • h"1). [51Cr]EDTA/[14C]mannitol flux ratios were corrected 
for the difference in concentration. All data points represent mean ± 
SEM (n = 3). Because of low counts, the first flux ratio at 4 minutes 
is unreliable. 
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Table 2. In Vivo Urinary Recoveries of Lactulose and Mannitol and L/M Recovery Ratios 

Species Mannitol recovery (% of applied dose) Lactulose recovery (% of applied dose) L/M recovery ratio 

Guinea pig 
Rat 
Rabbit 
Human 
Cat 

4.95 ± 1.65 
4.05 ± 1.48 
2.12 ± 0.74 
21.5 ± 2.64 
28.5 ± 3.25 

3.00 ± 1.10 
2.07 ± 0.66 
0.64 ± 0.27 
0.47 ± 0.09 
0.88 ± 0.16 

0.60 ± 0.02 
0.56 ± 0.06 
0.28 ± 0.06 

0.022 ± 0.002 
0.030 ± 0.002 

NOTE. The urinary recoveries of lactulose and mannitol are expressed as percentage of applied dose. Recovery time in animals was 12 hours 
in animals and 6 hours in humans; n = number of animals or human volunteers. Values are mean ± SEM. 

Urinary recoveries and L/M ratios of cats closely resem
bled those of humans. 

In animal studies, hyperosmolar solutions were given, 
whereas humans ingested isotonic solutions. After appli
cation of hyperosmolar test solutions to humans (5 g 
mannitol and 10 g lactulose in 50 mL H 2 0 ; 1140 mOsm/ 
kg), urinary recovery of mannitol was 17.5% ± 0.5%, 
lactulose recovery was 0.33% ± 0.08%, and L/M ratio 
was 0.019 ± 0.004 (n = 2). These values are comparable 
with those obtained with isosmolar test solutions. 

To compare L/M recovery ratios of in vivo bolus inges
tion with those of in vivo continuous infusion in humans, 
a single in vivo experiment with continuous infusion of 
lactulose and mannitol was performed. Six-hour urinary 
recovery of mannitol was 10.8% and that of lactulose 
0.35%, giving an L/M ratio of 0.033. After isosmolar 
bolus ingestion by the same volunteer, 6-hour mannitol 
recovery was 14.5%, lactulose recovery was 0.33%, and 
L/M ratio was 0.023, indicating no marked difference in 
recovery between bolus and continuous application of 
probe solutions in humans. 

Finally, as a preliminary test for the hypothesis formu
lated in the Discussion, 8 volunteers ingested 100 mL 
of an isosmolar test solution containing 27.4 mmol/L of 
both lactulose and mannitol, 66.1 mmol/L NaCl, and 
100 mmol/L glucose (290 mOsm/kg). Six-hour urinary 
recovery was 35.9% ± 4 .3% for mannitol and 0.58% ± 
0.11% for lactulose, and L/M ratio was 0.016 ± 0.002. 
Mannitol recovery was significantly higher and L/M ratio 
was significantly lower than values shown in Table 2 
(P < 0.01 and P < 0.05, respectively; one-tailed t test). 

Discussion 

The most noticeable finding in this study and the 
study of Delahunty and Hollander' is that the high uri
nary mannitol recovery of humans and cats (Table 2) was 
not observed in rats, guinea pigs, and rabbits and was 
not reflected in a high mannitol permeability in in vitro 
experiments (Table 1). It is suggested that the high man
nitol recovery in humans is caused by the diffusion 
through a large number of small pores that exclude lactu

lose. It may be postulated that rodents do not have these 
small pores; however, we hypothesize that rodents have 
these pores but that their presence is less manifest in 
vivo than in humans and cats and that diffusion through 
these pores is even less evident in in vitro experiments. 

The second finding is that in vitro human tissue does 
not show the large discrimination between mannitol-
and lactulose-sized molecules. It may be suggested that 
the in vitro experiments with human tissue do not reflect 
the in vivo situation because the excised tissue has ac
quired artifactual large pores that pass lactulose without 
restriction. Consequently, based on the high mannitol 
recovery in vivo, we might expect to find a high lactulose 
permeability in vitro in case of tissue damage. However, 
a comparison of the in vitro mannitol fluxes in rodents 
and humans and the lactulose fluxes does not corroborate 
this suggestion. A more appropriate interpretation of the 
in vitro fluxes may be that the human intestinal tissues 
lose their high mannitol permeation after excision (see 
item 2 below). 

Permeability Studies In Vitro 

We do not know of a method to measure the 
passive permeability coefficient of in vivo epithelium 
without complicating factors of absorptive and secretory 
water flow and effects of blood flow. However, the results 
show arguments to validate in vitro experiments in pet-
meability studies. 

1. The HRP flux values were similar to values reported 
previously10 and appeared to result primarily from 
endocytosis (Kiliaan, Bijlsma, Scholten, Taminiau, 
and Groot, unpublished observations, and Walker et 
al.11). The permeability ratio of PEG 4000 to manni
tol (0.15 ± 0.02) is less than expected from free 
diffusion (0.21 or 0.36, based on square or cube ratios 
of molecular weights), suggesting some restriction. 

2. The in vitro studies (Table 1) show the interspecies 
similarity of lactulose and mannitol permeability. 
There is no evidence for an increased lactulose flux in 
human tissue, as would have been expected if the 
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experimental handling of this tissue had induced 
larger pores. Instead, the in vitro mannitol flux data 
are not different from the data of rodents, therefore 
suggesting that the mannitol flux is smaller than in 
vivo. 

3. From the flux ratios of PEG 4000 to mannitol 
(0.15 ± 0.02) and lactulose to mannitol (0.68 ± 
0.02) observed in in vitro rat ileum, we can calculate 
the PEG 4000/lactulose flux ratio (0.22). This is com
parable wirh the urinary recovery ratio of probes of 
similar molecular diameter (fluorescein isothiocya-
nate-dextran 3000/lactulose, 0.19) obtained in in 
vivo experiments with humans.12 This shows the sim
ilarity of rat intestine in vitro and human intestine 
in vivo with respect to the permeability of this range 
of larger molecules. 

4. The in vitro permeability found for mannitol in the 
present study is fully comparable with recently pub
lished values for in vitro rar ileum stripped from its 
serosal layer13 and is only 1.3 times larger rhan found 
wirh nonstripped ileum.1 

5. The reduction of the in vitro [51Cr]EDTA/mannitol 
flux ratio through rat ileum by anisosmotic solutions 
shows that, under special circumsrances, the perme
ation of mannitol can be preferenrially increased, with 
lactulose being restricted. 

6. The observed L/M and [51Cr]EDTA/mannitol ratios 
are in rhe same range as [51Cr]EDTA/mannitol ratios 
measured in monolayers of the rat IEC-18 ileal cell 
line (mean value, 0.6715), which has a transepithelial 
resistance of about 30 Q. • cm2, comparable with rhe 
values for animal and human tissues. The filter-grown 
cells do not require exrensive dissection and handling 
but apparently have no mannitol-selective pores. 

7. The electrophysiological parameters of the in vitro 
small intestine of rars, rabbits, and guinea pigs in our 

Comparison of In Vivo Animal and Human 
Recoveries 

A potentially complicating factor in the compari
son of the in vivo data is the difference in recovery time 
between animal (12 hours, due to the time required to 
collect urine from the cats and rabbits) and human exper
iments (6 hours). However, according to the litera-
rure, ~ the 0-24-hour and 0-10-hour recovery rarios 
are similar to the 0-5-hour recovery ratio in humans. 
Thus, we feel confident in comparing the 0-6-hour re
coveries in humans with the 0-12-hour recoveries in 
animals. Anorher complicating factor, namely, the differ
ence in osmolality of test solutions applied to animals 
and humans, can also be ruled out by human test results: 
L/M recovery ratios in human volunteers after hyperos
molar (1140 mOsm/kg) or isosmolar test solutions were 
in the same range, corroborating reports4-22 that lactulose 
and /-rhamnose recoveries in humans show only minor 
changes until the test solution osmolality is increased to 
1500 mOsm/kg or higher. 

The question remains what pathway is used by manni
tol in vivo so that the recovery in humans and cats is 
about an order of magnitude larger than in the rodents 
(Table 2) and why this high mannitol permeation is lost 
in humans after excision. In the following section, we 
address the relevance of facrors differing between rodents 
and humans or cats. 

Villus Heights 

Considering clinical data of double sugar tests in 
the diagnosis of small intestinal diseases, undisputable 
increases in L/M ratios are obtained in cases of celiac 
disease, in which mannitol recovery is decreased and 
lactulose recovery is enhanced. These recovery changes 
are most prominent when there is a marked villus atro-

study are all close to literature values,1 l s and these phy.23"25 Because the species in our study show substan-
paramerers and glucose-elicired porential responses in 
the human biopsy specimens are similar ro those re
ported for jejunal suction biopsy specimens.19 

Therefore, we suggest that the observed in vitro L/M 
ratios in rodent small intestinal tissues, which are close 
to theoretical diffusion rarios of rhese probes through 
nonrestrictive aqueous pores, reflecr the in vivo perme
ability ratio in these species and that the human tissue 
has lost the high mannitol permeation after excision. 
Also, the kinetics of [31Cr]EDTA and mannirol fluxes 
through in vitro human duodenum (Figure 1) suggest 
that both probes diffuse with the same time course 
through a similar pathway and that the expected high-
permeability pathway for mannitol is not apparenr. 

tial differences in villus height, the question arises 
whether the villus height correlates with L/M ratios. We 
averaged relevant literature data26-52 on villus height in 
Table 3. Comparison of these villus height data to in 
vivo L/M ratios shows an inverse correlation only in the 
case of ileal villus height values. In contrast, there is no 
such correlation between villus height and L/M ratios in 
vitro. Thus, it can be concluded that this morphological 
difference alone cannot explain the interspecies variation 
in L/M ratios. Accordingly, rhe difference berween in 
vitro and in vivo L/M rarios and the interspecies differ
ence in permeabiliry rario in vivo should be caused by 
physiological factors unique for rhe inract intestine in 
living animals and humans. 
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Table 3. Summary of Literature Data of Villus Heights in Micrometers 

Species Duodenum n(N) Jejunum n(N) Ileum n(N) Study (ref no.) 

Guinea pig — - ( 0 ) 576 ± 20 15(1) 199 ± 8 11(1) 26, 27 

Rat 573 ± 48 26(3) 415 ± 54 48(8) 272 ± 44 36(5) 28-37 
Rabbit 1010 ± 5 120 (1) 754 ± 112 28(4) 553 ± 34 13(2) 38-42 
Human 636 ± 41 30(3) 640 ± 38 40(2) 567 ± 39 24(2) 43-49 
Cat 1072 6(1) 963 2(1) 760 ± 20 28(1) 50-52 

NOTE. Values are mean ± SEM using relative error analysis in case of multiple sources to obtain overall SEM. n, number of animals or humans; 
N, number of references. Values of duodenum and jejunum in cats represent medians as given in the references. 

Villus Hyperosmolality 

One of the main differences between the in vitro 
and in vivo situation is the blood supply. An important 
consequence of the opposite blood flow in villus arterioles 
and capillaries is the maintenance of hyperosmolality in 
the villus tips as a result of countercurrent multiplica
tion. 53~56 Because of interspecies variation in architecture 
of the villus blood vessels,57 there is a varying efficiency 
of the countercurrent exchange, leading to differences in 
villus tip hyperosmolality. The comparison of these tip 
osmolalities, summarized in a study of Hallbäck et al., 
to in vivo L/M ratios also shows a negative correlation 
(Figure 2). The interspecies similarity in in vitro L/M 
ratios and in in vitro villus tip osmolalities due to the 
absence of a countercurrent mechanism is consistent with 
this correlation. It should be noted that Hallbäck et al.55 

argued that their data of the villus hyperosmolality in 
in vivo human small intestine may be an underestimation 
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Figure 2. Plot of in vitro L/M flux ratios (D) (from Table 1) and in 
vivo L/M urinary recovery ratios (•) (from Table 2) against villus tip 
hyperosmolality values. In vitro tip osmolalities are 290 mOsm/kg. 
In vivo tip osmolalities are mean values for small intestine from Hall
bäck et al.,54 being 489 mOsm/kg for guinea pigs, 610 for rats, 665 
for rabbits, 697 for humans, and 855 for cats. 

of the actual physiological values because of methodolog
ical limitations that were not present in their animal 
studies. 

Because a high villus osmolality induces water absorp
tion, we suggest that the difference between lactulose 
and mannitol recovery in vivo in humans and cats is 
caused by the solvent drag of mannitol induced by hyper
osmolality in their villus tips. The solvent drag may 
only affect the flux of mannitol, presumably because the 
solvent flux is through pores that selectively allow the 
passage of mannitol and/or smaller molecules and are 
restrictive to lactulose-sized substances. As a consequence 
of the small difference in molecular diameter of lactulose 
and mannitol, the mannitol passage through these pores 
must occur in a single-file array, which may explain the 
small contribution of these pores to the in vitro passive 
diffusion of mannitol when no solvent flow drags the 
molecules through these small pores. This hypothesis 
allows for a combined explanation of the in vivo and in 
vitro small intestinal permeation of both probes in vari
ous species. An advantage of this solvent drag-related 
model to existing transcellular and/or paracellular passive 
diffusion-related hypotheses is that it permits experi
mental testing and validation with existing techniques. 
For instance, as shown in Results, we induced solvent 
drag across stripped rat ileum in an Ussing chamber by 
a mucosa-to-serosa osmotic gradient and found that the 
mucosa-to-serosa water flow could decrease the [ Cr]-
EDTA/mannitol ratio. This shows that also in stripped 
rat ileum, there is some evidence for the existence of small 
mannitol-selective pores. Wi th this type of experiment, 
hyperosmolality is not restricted to the villi and solvent 
drag may also occur through the crypt regions. 

One may affect the hyperosmolality in the villus tip 
by modulation of the apical Na+-coupled glucose car
rier.53 The hypothesis predicts that in the presence of 
luminal glucose and NaCl, the solvent drag of mannitol 
should increase. Recently, Jodal et al.59 using in situ 
perfusion of the lumen of rat jejunum with a Krebs-
Henseleit solution containing [51Cr]EDTA and {14Q-
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mannitol found that the [51Cr]EDTA/mannitol clearance 
ratio was 0.47. This ratio is an order of magnitude larger 
than the urinary recovery ratio in humans and cats and 
of the same magnitude as found in vitro. Interestingly, 
this ratio decreased by a factor 3 in the presence of 30 
mmol/L glucose in the isosmolal perfusate, as a result of 
a threefold increase of the mannitol clearance. In our 
study with human volunteers, the urinary recovery of 
mannitol increased with a factor 1.7 and L/M ratio de
creased with a factor 1.4 after oral ingestion of a test 
solution containing glucose plus NaCl, whereas the lac
tulose recovery was not significantly different from values 
obtained with test solutions containing only lactulose 
and mannitol. These results suggest a selective coupling 
of mannitol fluxes to enhanced water absorption induced 
by the active uptake of Na + and glucose through villus 
enterocytes. Moreover, the clinical observarion of a de
creased mannitol recovery in the case of villus atrophy, 
as seen in celiac disease,23-25 is readily explained by an 
impairment in the efficiency of the countercurrent multi
plication mechanism caused by shortening of the vascular 
structure in the villi. Similar observations have been re
ported with gluten-sensitive dogs.60 The cellobiose/man-
nitol recovery ratio, which is 0.05 during gluten-free 
diet, increased significantly during a wheat-containing 
diet because of reduction of mannitol recovery. Before 
gluten challenge, both control dogs and sensitive dogs 
showed a 5-hour urinary recovery of mannitol of about 
50%, which correlates well to the finding of Bond et 
al. ' of a very efficient countercurrent multiplication 
mechanism in this species. The efficiency of this mecha
nism will also be reduced in states of both intestinal 
ischemia and excessive, nonabsorptive hyperemia.53,61 As
suming that in vivo mannitol recovery predominantly 
reflects the magnitude of solvent drag caused by villus 
tip hyperosmolality, individual recovery data of mannitol 
and lactulose may provide more specific clinical informa-
rion than only L/M ratios. Whereas lactulose recovery 
may represent paracellular passive diffusion over the mu
cosal barrier as a whole, mannitol recovery depends 
mainly on water absorption in the upper part of the 
villus. In general, as a consequence of the "solvent drag 
hypothesis," mannitol recovery will be reduced by malab
sorption of sodium and/or impaired sodium-coupled nu
trient uptake, by disturbances in blood flow through the 
villi, or by shortening of the villi and their vasculature. 

Recently, two reports62'63 showing evidence for solvent 
drag as one of the mechanisms for mannitol uptake from 
in vivo-perfused rat intestine were published. Although 
lactulose-sized probe permeability was not determined in 
a study by Krugliak et al.,62 their finding of a reduction of 

water absorption and the solvent drag-mediated compo
nent of mannitol uptake by luminal hyperosmolar solu
tions and by the secretory agent chenodeoxycholic acid 
stresses the importance of this mechanism. In addition, 
the finding of Jodal et al.6 ' that blocking of neurally 
mediated cholinergic secretory activity by atropine and 
hexamethonium caused increased water and mannitol ab
sorption, whereas [51Cr]EDTA uptake was unaffected, 
indicates the restricrion of solvent drag effects to manni-
tol-sized (and smaller) probe molecules. 
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ABSTRACT 

Background/A ims: Recently we hypothesized that mannitol absorption in human 

permeability tests is a reflection of water absorption in small intestinal villi, and thus 

mainly depending on the efficiency of the vascular countercurrent multiplier. The aim 

of the present study was to test this hypothesis in cats, another species with an efficient 

countercurrent multiplier. Methods: The lumen to tissue transport of 14C-mannitol and 
51Cr-EDTA was studied in in vivo perfused jejunum of anaesthetised cats using four 

different isotonic perfusion solutions, containing NaCl + mannitol, NaCl + glucose, 

CholineCl + mannitol or CholineCl + glucose. The transport of water was monitored 

and the absorption rate of the probes was calculated by their disappearance from the 

perfusate. Results: There was a significant positive correlation between water 

absorption and 14C-mannitol clearance from the different perfusates irrespective of the 

presence or absence of glucose (r < 0.99; p < 0.01), whereas this correlation was 

absent for 51Cr-EDTA clearance (r < 0.03; p < 0.95). Also, there was a significant 

negative correlation between water absorption and 51Cr-EDTA /14C-mannitol 

clearance ratios (r < 0.98; p < 0.02). Conclusions: The results show a prominent effect 

of water absorption on mannitol uptake through pores which, also during glucose 

transport, exclude Cr-EDTA. The difference in water absorption from the used 

solutions in cat small intestine is depending on the effectiveness of the countercurrent 

multiplier, and we conclude that the capability of this mechanism influences mannitol 

absorption in vivo. Qualitatively comparable results were obtained using oral test 

solutions with varying NaCl and glucose concentrations in human volunteers. We 

propose that the functioning of the countercurrent multiplier is essential for the 

interpretation of double sugar tests in clinical studies. 
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INTRODUCTION 

Besides its function in water, electrolyte and nutrient transport, the intestine serves as 

a barrier to luminal antigenic substances. The barrier function is maintained by a 

restricted permeability of the epithelial layer to hydrophilic molecules with diameters 

exceeding 6 Â3"5. Various probes e.g. mannitol, rhamnose (diameter ± 8 Â), lactulose, 

cellobiose, 51Cr-EDTA (diameter ± 10 Â) and mixtures of polyethyleneglycols are 

extensively used to assess the intestinal barrier function in clinical studies ' . These 

probes are applied orally and because they are not degraded in the gastric or small 

intestinal lumen or metabolized in the organism, their urinary recovery is used as an 

indication of small intestinal permeability. To eliminate inter- and intra-individual 

variations in gastric emptying, small intestinal transit time and renal clearance, two or 

more probes of different molecular diameter (usually a hexose sugar combined with a 

disaccharide or with 51Cr-EDTA) are applied simultaneously, and the relative 

permeability is deduced from the ratio of the recovery of larger molecule over the 

recovery of the smaller molecule. An increased ratio is considered to be an indication 

for increased permeation of larger, e.g. antigenic substances. This procedure may be 

useful, provided that the permeation of both probes is dependent on the same driving 

forces i. e. concentration gradients (diffusion) and/or water flux (solvent drag) over the 

epithelial layer. 

Disaccharide over hexose urinary recovery ratios in human studies are about 0.02. 

Based on the Stokes-Einstein diffusion relation through aqueous pores6, the expected 

ratio would be approximately 0.8. The large discrepancy between the theoretical 

permeability ratio and the measured urinary recovery ratio has been reasoned by 

assuming the existence of a large population of smaller pores and a small population 

of larger pores localized to the absorptive (villus) part of the epithelium7, or by the 

assumption of a difference in location of small pores (in villi) and larger pores (in 

crypts), i.e. regions with a different accessibility for luminal substances 8. However, 

we recently reported that in vitro (Ussing chamber technique) the lactulose over 

mannitol permeability ratios were close to values predicted from the Stokes-Einstein 

diffusion relation. These ratios, which were recorded in intestinal segments of 

different species including human biopsies9, indicate that in vitro diffusion is the 

driving force for solute transport. 

To explain the large discrepancy between the in vitro and in vivo ratios in some, but 

not all, species we hypothesized that mannitol permeation in vivo could be subject to 

an additional driving force only effective on small molecules, i. e. solvent drag . This 
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phenomenon has been described already in 1955 by Fischer in in vitro perfused rat 

small intestine10, where induction of water absorption by luminal glucose led to 

increased absorption of urea, creatine and mannitol. His findings indicated that the 

coupling efficiency between water flow and solute permeation rapidly decreased with 

increasing molecular diameter of the solute. This decrease in coupling efficiency was 

corroborated in in situ perfused rat small intestine11, where solvent drag affected the 

absorption of mannitol but not of 51Cr-EDTA. 

Furthermore, we hypothesized that the large inter-species difference in mannitol 

recovery may be due to differences in solvent flow which in turn may depend on inter

species differences in the maintenance of an osmotic gradient between lumen and 

villus core9. The osmotic driving force largely depends on the effectiveness of the 

counter current multiplication of NaCl in small intestinal villi, which is related to the 

architecture of the vascular structure in the villi and the activity of active absorptive 

processes over the epithelium. We argued9 that species with low countercurrent 

multiplier efficiencies, as expressed by small osmolality gradients in the villi12, 

showed a small mannitol recovery (2 - 5 %, rat, guinea pig, rabbit) whereas the large 

mannitol recoveries in humans, cats and dogs (20 - 50 %) correlated with high 
IT 11 

countercurrent multiplier capabilities ' . 

The goal of the present study was to evaluate the effect of manipulation of the 

effectiveness of the countercurrent multiplier on small intestinal water flow and on the 

permeation of different hydrophilic probe molecules. Therefore luminal perfusion 

experiments were performed in cat small intestinal segments with intact blood supply 

in situ. Perfusion solutions with varying sodium and glucose concentrations were used 

to induce differences in countercurrent multiplier effectiveness and thereby in water 

absorption. As permeability probes we used 14C-mannitol and 51Cr-EDTA, a probe 

with a molecular diameter comparable to that of disaccharides. 

In addition we performed some urinary recovery tests in human volunteers using 

isotonic orally applied solutions containing lactulose and mannitol in the absence or 

presence of glucose and/or NaCl. 

METHODS 

The experiments were performed on female cats (European Shorthair) aged 6 to 12 

months, weighing 2.5 to 3 kg. Anaesthesia was induced by intramuscular injection of 

Ketamine (15mg/kg) and Rompun (0.5mg/kg), and maintained by Chloralose (i.V., 
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50mg/kg). The animals were deprived of food from 15 hours before the experiments, 

but had free access to water. 

Animal preparation. After cannulation of the trachea to assure a free airway and after 

midline laparotomy, 4 jejunal intestinal segments (length 7-13 cm), beginning about 

10 cm distal from the ligament of Treitz, were isolated with intact vascular supply. 

The spleen and the greater omentum were extirpated and all nerves surrounding the 

superior mesenteric artery were cut to avoid a varying nervous influence in the 

intestine during the experiments. Arterial blood pressure was recorded via a catheter in 

the femoral artery connected to a pressure transducer (system PPT-3000, Peter von 

Berg Medizintechnik GmbH, Eglharting, Germany) operating on a polygraph 

(constructed at the Dept. of Physiol., Univ. of Göteborg, Sweden) and a Servogor 120 

writer. Via a T-tube the catheter was connected to a cannula for continuous infusion of 

a solution containing 278 mM glucose and lOOmM Na-bicarbonate at a rate of 0.1 ml 

min"1. This arrangement served to keep the catheter open and to maintain a normal 

acid-base balance during the experiments14. Intravenous injections were given through 

a catheter in the femoral vein. The temperature of the cats was kept at 38 °C by a 

thermocouple thermometer in the mouth operating on a heating pad under the animal. 

All animals were given atropine (i.V., 0.25mg/kg) to minimize intestinal motility. 

The ends of each intestinal segment were connected to a recirculating system of 

polyethylene tubes connected to a polystaltic pump (Gilson minipuls 2) and to an open 

cylindric reservoir with the inflow at the top and outflow at the bottom of the cylinder. 

The inflow opening was always placed 1-2 cm below the distal end of the segment. 

The fluid leaving the reservoir was brought to body temperature before entering the 

segment. The segments were carefully placed on the abdomen and kept moistened and 

at body temperature by a cover of thin plastic sheet and gauze soaked in saline. One of 

the volume reservoirs, i.e. the one containing the Sodium-Glucose solution (see: Test 

solution composition) was placed on a force transducer (Statham F03) allowing a 

continuous recording of the fluid volume in the reservoir. Provided there was no 

motility, the absorption or secretion in that segment could be monitored as a slow 

decrease or increase of the volume of the perfusate. 

Experimental procedures. Each of the 4 segments per cat were perfused for 4 hours at 

a rate of 1 ml min"1 with one of the four solutions described below. The perfusates 

chosen for more proximally or distally located segments were randomized between the 
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experiments. After 1, 2 and 3 hours of perfusion 200 ul of a IM glucose solution was 

added to the reservoir containing the Sodium-Glucose perfusate. After 4 hours the 

different circulating systems were simultaneously disconnected and the tubes and 

segments were emptied by air pumped through the system by the polystaltic pump. 

The 4 perfusion systems were then washed (1ml min'1) with 10 ml of either Choline-

Mannitol or Sodium-Mannitol solutions containing 1 mg ml"1 of acetylcystein. The 

last remaining volumes of perfusate in the system were emptied by air and by gentle 

pressure on the segments. At the end of the experiment the weight and the serosal 

surface area of each segment were determined. 

Measurements of transport rates. 5lCr-EDTA and 14C-mannitol were used to measure 

the passive transport of small water-soluble substances from the intestinal lumen into 

the tissue. The transport rate was determined as clearance from the luminal perfusate 

of the probes per minute and per 100 cm2 serosal surface (or per g intestine) and 

calculated from the formula: 

Clearance = ((Ci .Vi) - (Cf .Vf) - (Cw .Vw)). ((0.5(Ci + CO). t .W)"1 

(in ni (g . min)"1) 

Clearance = ((Ci .Vi) - (Cf .Vf) - (Cw .Vw)). ((0.5(Ci + Cf)). t . (0.01 A))"1 

(in ul( 100cm. min)"1) 

where C is the radiolabeled probe concentration of the initial (i), of the final (f) and of 

the wash (w) solution and V the volume of the same solutions, t the time in minutes, A 

the serosal surface area in cm and W the segment weight in grams. The amount of 

isotopes was measured in quadruplicate in 200 ul aliquots with 10 ml of scintillation 

fluid (Lumogold, Packard) in a Packard liquid scintillation analyzer (2000 CA) using 

the 3H window for 51Cr-EDTA detection. Sodium concentrations were determined by 

atomic absorption spectrometry (Perkin-Elmer) at 295 nm wavelength of samples 

diluted 1,000-fold (Choline-Mannitol and Choline-Glucose solutions) or 10,000-fold 

(Sodium-Mannitol and Sodium-Glucose solutions) with distilled water. Dilution errors 

in these measurements were 3 % in 1,000-fold dilutions and 4 % in 10,000-fold 

dilutions, and were included in the standard errors of measured mean values. Glucose 

concentrations were assayed with Granutest 100 (Merck, Darmstadt, Germany). 

Statistics. Significances in the cat experiments were determined by paired two-tailed 
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Students t-tests. Human data were tested by Welch's unpaired t-test, because of large 

differences in standard errors. 

Test solution composition. Segments were perfused with modified Krebs-Henseleit 

solutions containing (in mM): Na+ 147.0; K+ 4.7; Mg2+ 1.2; Ca2+ 2.5; CI" 132.0; HC03" 

25.0; H2P04" 1.2, or with their sodium-free analogues in which Na+ was replaced by 

Choline"1". Sodium (Na)- and Choline (Chol)-containing solutions were supplemented 

with either 30 mM glucose + ImM mannitol (Na-Gluc and Chol-Gluc), or 30 mM 

mannitol only (Na-Mann and Choi-Mann). All test solutions also contained 15uCi of 
51Cr-EDTA, 5 uM cold Cr-EDTA and 2.5 uCi of 14C-mannitol. The osmolality of the 

solutions ranged between 305 and 315 mOsmol/kg. 

Human permeability tests were done by measuring the 6 hours urinary recovery of 

orally ingested lactulose and mannitol in the absence or presence of glucose and/or 

NaCl. Test solution compositions are given in the results section, detection was done 

by HPLC using electrochemical detection. Methods are described in detail in ref. 9. 

RESULTS 

A perfusion time of four hours was chosen because of the relatively small lumen to 

tissue clearance of the radiolabeled probes, especially of 5I Cr-EDTA which was 

cleared from the lumen at a rate of about 0.5% of added dose per segment per hour. 

Mean arterial blood pressure in the cats was 110 ± 8 mm Hg (n=8) at the beginning of 

the experiments, and it did not change significantly during the experimental period: 

After four hours of perfusion it was 120 ± 4 mm Hg (n=8). The water absorption from 

the different perfusates is shown in Fig. 1, negative values represent secretion. 

Absorption was highest in sodium containing glucose solutions, whereas a small 

secretion of water was detected in the sodium-free mannitol solution. There was a 

significant difference in water absorption between all perfusion solutions, ranging 

from p< 0.05 between Choi-Mann and Chol-Gluc solutions to p< 0.0001 between 

Choi-Mann and Na-Gluc solutions. In the Na-Gluc solution the absorption rate 

(expressed as % of the total absorption in four hours) was continuously monitored. 

Net water absorption showed a tendency to decrease initially but stayed constant 

during the last two or three hours (Fig. 2). 
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Fig. 1. Net water absorption from Choline-Mannitol, Choline-Glucose, Sodium-Mannitol and 

Sodium-Glucose perfusates, negative values represent secretion. Water absorption differed 

significantly between all perfusion solutions, ranging from p< 0.05 between Choi-Mann and Chol-

Gluc solutions to p< 0.0001 between Choi-Mann and Na-Gluc solutions. 
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Fig. 2. Net water absorption rate from the Sodium-Glucose perfusate, expressed as % of the total 

absorption in four hours. Water absorption in hour 1 is significantly different compared to hours 2, 3 

and 4 (p< 0.02 to 0.002), and absorption in hour 2 is significantly different compared to hour 3 (p< 

0.006). 
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14/-Table 1 shows the net water absorption, together with the clearance values of C-

mannitol and 51Cr-EDTA from the different perfusates, expressed in ul.(g.min)' and 

in ul.(100 cm2, min)"1. A conversion factor is given by: 24.2 g = 100 cm2; a conversion 

to segment length is given by: 4.8 g = 10 cm length. The 14C-mannitol clearance 

showed a significant increase (p< 0.05) comparing sodium-free (Choi-Mann or Chol-

Gluc) to sodium-containing (Na-Mann or Na-Gluc) solutions. However, the clearance 

of 51Cr-EDTA showed no significant differences between the four solutions. 

Glucose clearance from the glucose-containing solutions (in ul.(g x min)"1 ) and 

sodium concentrations in all perfusates (in mM) at the end of the experiments are also 

given in Table 1. The glucose clearance was higher in the Na-Gluc solution compared 

to the initially sodium-free Chol-Gluc solution (p<0.05). 

Perfusion solution Choi-Mann Chol-Gluc Na-Mann Na-Gluc 

ul/g.min ul/g.min ul/g.min ul/g.min 

/ul/lOOcm^.min Hl/100cnfi.min fil/100cm^.min fil/lOOcm^.min 

Water absorption -0.45 ±1.05 1.60 ±0.53 6.86 ±1.08 12.92 ±1.42 

-8.61 ±25.75 41.19 ±13.02 164.20 ±26.66 309.30 ±33.45 

14C-mannitol clearance 1.11 ±0.32 1.28 ±0.40 2.01 ±0.55 2.66 ±0.75 

27.68 ±7.83 31.33 ±9.56 46.83 ±11.92 63.41 ± 18.33 

51Cr-EDTA clearance 0.41 ±0.14 0.39 ± 0.07 0.45 ±0.12 0.39 ±0.10 

10.00 ±3.33 9.61 ±1.68 10.48 ±2.67 9.04 ±2.17 

Glucose clearance 0 18.75 ±2.15 0 27.50 ±2.84 

0 451.11 ±48.25 0 656.19 ±61.19 

Cr-EDTA/ mann, ratio 0.58 ±0.17 0.53 ±0.13 0.33 ± 0.09 0.24 ± 0.07 

Na+ end-cone. (mM) 34 ± 6 33 ± 7 160 ±12 165 ±11 

Table 1. Net water absorption, '4C-mannitol clearance, 51Cr-EDTA clearance and glucose clearance, 

in ul/g.min and in ul/100cm2.min (italic), from Choline-Mannitol, Choline-Glucose, Sodium-

Mannitol and Sodium-Glucose perfusates. Also shown are 5,Cr-EDTA /14C-mannitol clearance ratios, 

and sodium concentrations (in mM) in the different perfusates after 4 hours of perfusion. Net water 

absorption differed significantly between all perfusion solutions (p< 0.05 to p< 0.0001). Mannitol 

clearance and Cr-EDTA/mannitoi ratios differed between initially sodium-free (Choi-Mann or Chol-

Gluc) and sodium-containing (Na-Mann or Na-Gluc) perfusates (p< 0.05). There were no significant 

differences in Cr-EDTA clearance from any of the perfusates. Glucose clearance was higher in the 

Sodium-Glucose solution compared to the Choline-Glucose perfusate (p<0.05). 
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The relatively high glucose clearance from the latter solution might be due to sodium 

leaking from the serosa to the luminal perfusate, as sodium concentrations in the 

initially sodium-free solutions were increased to about 33 mM at the end of the 

experiments. The sodium concentrations in Na-Mann and Na-Gluc solutions at the end 

of the perfusion experiments were not significantly different from the initial value of 

147 mM. Glucose concentrations in initially glucose-free solutions at the end of the 

experiments were 0.2 ± 0.1 mM (Choi-Mann) and 0.3 ± 0.2 mM (Na-Mann). 

The mean clearance of 14C-mannitol and of 51Cr-EDTA are plotted versus mean water 

absorption in Fig. 3. A significant (p< 0.01) positive correlation between mannitol 

clearance and water absorption is apparent irrespective if the perfusate solution 

contained glucose or not. Thus, there is no sign of an effect of glucose on clearance of 

mannitol that is not related to fluid transport. On the other hand, there was no 

correlation between Cr-EDTA clearance and the fluid transport neither in the absence 

or presence of luminal glucose. 
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Fig. 3. Plot of the mean clearance of '4C-mannitol and of 5,Cr-EDTA versus mean water absorption 

from the different perfusates (from left to right: Choline-Mannitol, Choline-Glucose, Sodium-

Mannitol and Sodium-Glucose). Mannitol clearance significantly (p< 0.01) correlated positively with 

net water absorption. No correlation was observed between Cr-EDTA clearance and water 

absorption. 

The 51Cr-EDTA/14C-mannitol clearance ratios followed the inverse order of the 

mannitol clearance (Fig. 4). Consequently, there was a significant difference in the 
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clearance ratios comparing sodium-free to sodium-containing solutions (p< 0.05) and 

a significant (p< 0.02) negative correlation between mean 51Cr-EDTA/14C-mannitol 

clearance ratios and mean water absorption. 
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Fig. 4. Plot of mean 51Cr-EDTA/l4C-mannitol clearance ratios versus mean water absorption from the 

different perfusates (from left to right: Choline-Mannitol, Choline-Glucose, Sodium-Mannitol and 

Sodium-Glucose). There is a singificant (p< 0.02) negative correlation between 5lCr-EDTA/14C-

mannitol clearance ratios and net water absorption. 

The positive correlation between 14C-mannitol clearance and water absorption was 

also significant (p< 0.05) when individual data (n=32) were plotted irrespective of the 

perfusion solution, but the correlation coefficient was low (r = 0.36) due to inter-

animal variation in mannitol clearance. Correspondingly, plotting of individual data of 
5ICr-EDTA/14C-mannitol ratios versus water absorption showed a significant (p< 0.05; 

r = 0.36) negative correlation. No correlation was observed between individual data of 
51Cr-EDTA clearance and water absorption (p< 0.97; r = 0.01). In addition, there was 

no correlation between individual clearance data of 5lCr-EDTA and 14C-mannitol (p< 

0.60; r = 0.12). 

Urinary recovery of lactulose and mannitol in human permeability tests 

In experiments with human volunteers we compared the 6 hours urinary recovery of 

mannitol and lactulose from orally applied test solutions of 100 ml distilled water 
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containing only mannitol and lactulose to their recovery from test solutions containing 

also glucose and/or NaCl. The exact composition of the four different test solutions is 

given in Table 2, osmolality of all test solutions was 290 mOsmol/kg, recoveries of 

mannitol and lactulose are shown as % of ingested dose. Solution A contained only 

mannitol and lactulose, solution B contained both probes + 233 mM glucose, solution 

C both probes +116 mM NaCl, solution D both probes + lOOmM glucose + 66 mM 

NaCl. Part of the results (recoveries from solutions A and D) have been presented 

earlier9. 

test solution: A B C D 

mannitol g/100 ml 2.3 0.5 0.5 0.5 

lactulose g/100 ml 5.5 0.94 0.94 0.94 

glucose g/100 ml 0 4.2 0 1.8 

NaCl g/100 ml 0 0 0.68 0.39 

mannitol recovery % of dose 21.5 + 2.64 22.4 ± 2.9 37.9 + 6.9 35.9 + 4.3 

lactulose recovery 3/oof dose 0.47 ± 0.09 0.54 + 0.11 0.43 ± 0.08 0.58 ±0.11 

n 5 5 8 8 

Table 2. Urinary recoveries of mannitol and lactulose, after oral ingestion of test solutions A (no 

glucose, no NaCL), B (glucose), C (NaCl), D (glucose, NaCl) by human volunteers. Mannitol 

recovery was significantly enhanced from test solution D compared to solution A (p< 0.01) or 

compared to solution B (p< 0.02), and also enhanced from solution C compared to solution A (p< 

0.03) or compared to solution B (p< 0.04). There were no significant differences in lactulose recovery 

from any of the test solutions. 

Mannitol recovery was significantly enhanced from test solution D compared to 

solution A (p< 0.01, Welch's one-tailed unpaired t-test) or compared to solution B (p< 

0.02). Similarly, mannitol recovery was enhanced from solution C compared to 

solution A (p< 0.03) or compared to solution B (p< 0.04). There were no significant 

differences in lactulose recovery from any of the test solutions. 
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DISCUSSION 

Coupling of solute transport, water transport and mannitol clearance 

The results of this study clearly indicate a prominent effect of the composition of the 

luminal perfusate on net water absorption and on the lumen to tissue permeation of 

mannitol, but not of Cr-EDTA, in the in situ perfused small intestine of the cat. 

Previous perfusion studies in cat small intestine in situ have shown that the 

composition of the luminal perfusate influenced the gradient of the NaCl 

concentration along the length axis of the villi from base to tip which appeared to be 

maintained by vascular countercurrent multiplication. This has been shown by 

measuring the NaCl content per mg protein in villus tissue sections perpendicular to 

the length axis and by X-ray microanalysis of local NaCl concentrations in whole 

villus tissue sections16'17. Consistent with these observations, an osmolality gradient 

was observed by cryoscopic detection of freezing point depression in villus tissue 

sections perpendicular to the villus length axis18"20. The water absorption rate in these 

previous studies is comparable to our present data in identical solutions (Table 1). 

600 

300 400 500 600 700 800 
osmolality in upper part of villi (mOsm/kg) 

Fig. 5. Plot of mean net water absorption versus mean osmolalities in the upper 30 % of the villi from 
different perfusates (from left to right: Choline-Mannitol, Choline-Glucose, Choline-Mannitol + 
25mM Na+, Choline-Glucose + 25mM Na+, Sodium-Mannitol and Sodium-Glucose; data from 
Hallbäck et al20). There is a significant (p< 0.001; r = 0.98) positive correlation between net water 
absorption and osmolalities in upper villus tissue. 
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Plotting of previous water absorption data20 against the corresponding osmolalities in 

the upper 30 % of the villi reveals a significant positive (p< 0.001; r = 0.98) 

correlation, as shown in Fig. 5. 

Therefore we suggest that the differences in water absorption from the perfusates used 

in the present study in cats were caused by differences in villus hyperosmolality due to 

a varying efficiency of countercurrent multiplication of NaCl. The correlation between 

water absorption and mannitol clearance indicates that the clearance of mannitol is 

influenced by solvent drag. Consequently, the clearance of mannitol will also depend 

on the effectiveness of the countercurrent multiplier. Also the increase in mannitol 

clearance from NaCl containing solutions compaired to the initially sodium-free 

solutions (Table 1) corresponds to previous reports that the effectiveness of the 

countercurrent multiplier is mainly depending on the presence of NaCl in luminal 

perfusates18'19. A similar enhancement was observed in the urinary recovery of 

mannitol in human volunteers from orally ingested isotonic test solutions containing 

NaCl (C and D) compared to the initially sodium-free solutions A and B (Table 2). 

These observations indicate a role of the countercurrent multiplier in the absorption of 

mannitol in the human small intestine as well. 

Pore radii for mannitol permeation and percentage of water flowing through these 

pores 

In contrast to mannitol, the clearance of Cr-EDTA was not affected by the 

composition of the luminal perfusate and did not correlate with water absorption. Thus 

the pores in the villi through which water flows and induces solvent drag are too small 

to allow the passage of Cr-EDTA. These observations allow an estimation of the 

radius of the small pores and the amount of fluid passing through these pores into the 

tissue. The intestinal clearance of a molecule depends on two components, solvent 

drag and diffusion, given by the equation: clearance = Jvf (1-a) + diffusion. Jv is total 

volume flow, f the fraction of fluid passing through the pores and a the solvent drag 

reflection coefficient of the molecule at the pore. Diffusion is the passive transport 

through the pore according to concentration difference and is supposed to be constant. 

The flux of fluid into the lumen (secretion) during the different rates of fluid transport 

is also supposed to be constant (i.e. the increased fluid absorption recorded in the 

study is only due to an enhanced flux of fluid into the tissue), f (1-a) is equal to the 

slope of the line when clearance is plotted against water absorption (Fig 3). 

Calculated values of (1-a) for mannitol (r=3.35) and Cr-EDTA (r=5.25), using the 
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solvent drag reflexion coefficient formula of Curry31 are shown in table 3 and lead to 

the following conclusions: 

1. The slope for Cr-EDTA is 0 since its clearance was not affected by volume flow. 

ocr-EDTA is accordingly equal to 1.0 and the pore radius < 5.5 - 6.0 Â. 

2. The slope of mannitol clearance is 0.12 = f (l-amannjtoi). The fraction is between 0 

and 1 and thus (l-amannjt0|) > 0.12 corresponding to a pore radius of 4.5 Â or more. 

3. Assuming that the radius of the pore is 5.5 Â or less (see above), it implies that (1-

tfmannitoi) < 0.28. Thus 0.12 < 0.28 f and f > 0.43. Thus more than 43% of the total 

water flux passes through these pores. If we assume an upper pore radius of 6 Â the 

corresponding f value will be 34 %. In the rat22 corresponding calculations suggest an 

higher percentual flux of water through such - most probably paracellularly located -

pores during glucose absorption. This difference may be one explanation for the 

different tissue osmolality obtained by the countercurrent multiplier in the two species. 

Cr-EDTA Mannitol 

Pore radii a (1-a) a (1-a) f 

(Â) 

4.5 1.000 0.000 0.874 0.126 0.950 

5.0 1.000 0.000 0.794 0.206 0.583 

5.5 0.996 0.004 0.718 0.282 0.425 

6.0 0.969 0.031 0.648 0.648 0.341 

Table 3. Solvent drag reflexion coefficient (a) values and (1-a) values for transport of mannitol (r = 
3.35 Â) and Cr-EDTA (r = 5.25 Â) through pores with radii between 4.5 and 6.0 Â. Calculated values 
for the fraction of water absorption (f) through these pores are also shown. All values of a smaller 
than 1.0 are calculated according to ref. 32. 

Effect of glucose 

Considering the effect of glucose on probe clearances, there are controversial data on 

glucose-induced dilations of tight junctional pores and on the physiological 

importance of solvent drag effects caused by sodium-coupled glucose transport. In rat 

small intestine perfused in situ a glucose-induced increase in permeability of 

substances up to a molecular weight of 5500 (inulin) has been reported21. 
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In experiments in rats using identical methodology as in the present study, glucose 

markedly induced an increase in the permeation of mannitol-sized probes without 

affecting the transfer of Cr-EDTA or inulin11. In the cat jejunum there was no change 

in Cr-EDTA permeation in the presence of glucose, and the increased mannitol 

permeation can fully be explained by a Na+-glucose transport-induced increase of 

water absorption, i.e. there is no indication of a change in number of tight junctional 

pores or their diameters. Thus luminal glucose differently affected the clearance of 

mannitol in the two species, but in neither of the animals glucose increased the 

permeation of larger molecules, i.e. the selectivity of the intestinal barrier was 

preserved. 

Pappenheimer32 also proposed that significant amounts of glucose are absorbed 

passively via solvent drag at luminal glucose concentrations of 30 mM or more. As 

reasoned below, the results of the present study indicate that the major part of glucose 

uptake is caused by carrier-mediated transport and not by solvent drag or passive 

diffusion. Taken into account that mannitol and glucose have a comparable molecular 

diameter, the mannitol clearance can be used to estimate the percentage of glucose that 

is absorbed via solvent drag and/or passive diffusion. Comparison of the clearances in 

Table 1 gives an estimated passive component of glucose absorption of 10 % in the cat 

jejunum perfused in situ. This percentage is comparable to the value of 8 % obtained 

with jejunal triple lumen perfusion techniques in human volunteers . 

Besides this similarity concerning glucose, human and cat small intestine are 

comparable in other aspects: Both species have a low urinary lactulose/mannitol 

recovery ratio after oral application of these probes9, and both have a vascular 

anatomy in their small intestinal villi allowing efficient countercurrent exchange12'23. 

Preference of individual values for clearance of permeability probes instead of their 

ratios 

The present study in cats shows that the clearance ratio of Cr-EDTA over mannitol is 

strongly influenced by water absorption, and thus controlled by the effectiveness of 

the countercurrent multiplier. Comparing clearance ratios in perfusions with a high 

water absorption (Na-Gluc) to those with a low absorption (Choi-Mann), the mean Cr-

EDTA/mannitol ratio differs a factor 2.4 (see Table 1). In individual cats this 

difference in ratios can even reach a factor 14.8, while there is no evidence for any 

change in pore numbers or their diameters with respect to these probes. 

This leads to the conclusion that Cr-EDTA/mannitol ratios cannot simply be used as 
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an index for small intestinal permeability and that the understanding of the 

mechanisms controlling water absorption in the small intestine in vivo may be a key 

factor for the interpretation of the "double sugar" permeability test in the diagnosis of 

small intestinal diseases. The results of the present study support our view "that 

individual recovery data of mannitol and lactulose (or Cr-EDTA) may provide more 

specific clinical information then only lactulose/mannitol (or Cr-EDTA/mannitol) 

ratios. While lactulose (or Cr-EDTA) recovery may represent paracellular passive 

diffusion over the mucosal barrier as a whole, mannitol recovery mainly depends on 

water absorption in the upper part of the villus". As the rate of small intestinal water 

absorption is highly dependent on the effectiveness of the countercurrent multiplier, 

mannitol recovery will be reduced by pathophysiological factors that affect this 

mechanism. Some examples of these factors are: 

a) Villus atrophy, which causes a shortening of the vascular structure in villi and a 

reduction in the amount of enterocytes. This gives rise respectively to a decreased 

length of the multiplier pathway and to impaired absorption of sodium or sodium-

coupled nutrient uptake, and both factors reduce the efficiency of the multiplier. This 

may explain the well documented finding of a reduced mannitol recovery in celiac 

disease24"26. 

b) Defects in small intestinal Na+/H+ exchange, or in sodium-coupled nutrient 

transport. To our knowledge there are no reports of double sugar tests in such patients. 

c) Hyperemia, leading to an increased wash-out of absorbed NaCl in villi and thus 

reducing the efficiency of the countercurrent multiplier15'18. As small intestinal 

inflammation will generally be accompanied by hyperemia, we speculate that this may 

contribute to the reduction in mannitol recovery, as seen in some studies of Crohn's 

disease patients8. 

d) Villus hypoxia, due to a reduction of blood flow in the villi, will lead to a reduced 

transport capacity of the enterocytes and thus to impairment of the countercurrent 

multiplier efficiency15'18. This correlates well with observations in two studies of Ohri 

et al.27'28, who detected a reduction in gastric blood flow in patients during 

cardiopulmonary bypass and applied intragastric test solutions containing rhamnose 

(comparable to mannitol) and lactulose immediately after the cardiopulmonary bypass 

period. Compared to 5 hour recovery values obtained two days before surgery, there 

was a 69 % to 74 % (a factor 3.2 to 3.8) reduction of rhamnose recovery in the first 5 

hours after surgery, whereas lactulose recovery was increased by 45 % to 69 % (a 

factor 1.5 to 1.7). The authors concluded that the increase in lactulose recovery may be 

caused by the hypoxia in intestinal villi. We suggest that the reduced rhamnose 
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recovery is also a consequence of reduced villus blood flow due to an impaired 

capacity for countercurrent multiplication of NaCl. 

Perhaps the most striking results are shown in a study of Oudemans-van Straaten et 

al.29, who performed 6 hour rhamnose and cellobiose (comparable to lactulose) urinary 

recovery tests in patients undergoing cardiopulmonary bypass. In their study the test 

solution was applied intragastrically, directly after induction of anesthesia just before 

the start of surgery, so the permeability test was performed during the 

cardiopulmonary bypass period. The recovery of rhamnose showed a dramatical 

reduction of 94 % (a factor 17.3) compared to healthy controls, whereas the recovery 

of cellobiose was increased by 25 % (a factor 1.25). This resulted in a mean 

cellobiose/rhamnose ratio of 0.83 (in healthy controls this value is 0.01), a value 

comparable to lactulose/mannitol flux ratios in human biopsies in vitro: 0.78 and 0.84 

respectively in ileal and duodenal biopsies9. In our view these results can only be 

explained by a total arrest of intestinal water absorption during cardiopulmonary 

bypass, caused by impairment of Na+ uptake due to the lack of oxygen because of a 

reduced intestinal blood flow, thus leading to an impaired effectiveness of the 

countercurrent multiplier. In this situation the cellobiose/rhamnose ratio of 0.83 

reflects the diffusional ratio as measured in vitro and as predicted by the Stokes-

Einstein diffusion relation. 

Composition of double sugar test solutions 

Our interpretion of these results implies that in healthy controls the countercurrent 

multiplier functions rather effectively during the small intestinal passage of a double 

sugar test solution, even if the solution contains no NaCl and/or glucose. This is also 

reflected by the relatively small increase (a factor 1.7) in mannitol recovery in human 

volunteers, when NaCl or NaCl + glucose was present in isotonic (290 mOsm/kg) test 

solutions (Table 2). Moreover it may explain that, compared to a NaCl- and glucose-

free test solution of 245 mOsm/kg, test solutions of 946 mOsm/kg made hyperosmotic 

with NaCl or NaCl and glucose, tended to decrease rhamnose recovery in human 

volunteers30. The higher osmolality of the test solution may probably have reduced 

absorption of water in the tip of the villi, or increased secretion of water in the basal 

part of the villi. 

In summary, the presented results corroborate our hypothesis that mannitol absorption 

is depending on the efficiency of the countercurrent multiplier in intestinal villi to 
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induce water absorption, which may increase the uptake of mannitol-sized probes in 

the upper villus region due to a coupling of solute and solvent flow, presumably by 

solvent drag. We propose that the consideration of impaired functioning of the 

countercurrent multiplier system is essential for the clinical interpretation of 

permeability tests using these probes. 
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ABSTRACT 

Background/aims: In clinical studies PEG 300-700 permeability is much higher than 

expected from its molecular weight range, when compared to Cr-EDTA or lactulose. 

This has been attributed to the higher lipophilicity of PEG, or to its linear shape 

compared to the other probe molecules. Which of these factors is the most important is 

still a matter of controversy. In the present study we compared the permeability of 

PEG to its more lipophilic analogue PPG in cat small intestine. Methods: The lumen to 

tissue transport of PEG (MW range 282 - 678) and PPG (MW range 250 - 656) was 

studied in in vivo perfused jejunum of anaesthetised cats using two different isotonic 

perfusion solutions containing NaCl + glucose or Choline-Cl + glucose. The transport 

of water was monitored and the absorption rate of HPLC-detected probes was 

calculated by their disappearance from the perfusate. Results: The clearance of PPG 

was higher than that of PEG irrespective of the MW. The clearance of both PEG and 

PPG was significantly enhanced by water absorption in the NaCl-containing 

perfusates. The effect of water absorption on PEG clearance decreased with increasing 

probe MW with nearly constant low lipophilicity, the effect on PPG clearance was 

constant at increased MW's which have a higher lipophilicity. Conclusions: Analysis 

of these results shows that the lipophilicity of PEG accounts for only 2 % of its 

clearance at MW 300, and for < 0.5 % at MW 600. PEG 300 will have a larger 

distribution-volume in the body due to its faster diffusion through cell membranes, 

which may lead to an incomplete urinary recovery. The effect of water absorption on 

PEG-clearance is mainly due to solvent drag, whereas water absorption increases 

PPG-clearance predominantly by solute concentration. 
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INTRODUCTION 

The use of low molecular weight pölyethyleneglycol mixtures (PEG with MW 300 to 

700) as probe molecules for intestinal permeability was introduced by Chadwick et 

al.1'2 in 1977. Since then the urinary recovery of PEG after oral or intraluminal 

application has extensively been studied in various intestinal disorders, including 

Crohn's disease, coeliac sprue and ulcerative colitis ' . 

Comparison of different studies of PEG permeability in Crohn's disease showed 

varying results: Some authors report a decrease in PEG permeability as compared to 

controls 5"8, or no change9'10, others report an increased PEG permeation, measured 

either after an oral dose w or during intraluminal application in gut segments 12"14. A 

decreased PEG permeability is more consistently reported ' " in coeliac disease 

which is in keeping with the well-documented decrease of mannitol permeability in 

this disease 3'4. These findings raised a controversy, namely how to explain that PEG 

400 has similar permeability characteristics as mannitol, a molecule with a much 

lower molecular weight (MW 182), and that PEG 400 permeability is about 100-fold 

higher than that of lactulose or Cr-EDTA, both with a MW of 340. 

The discussion about the unusual behaviour of PEG has been focused on two items: 

i) The contribution of the lipophilicity of PEG to its intestinal permeability l5'1819. 

Although the lipophilicity of PEG is low, given its small distribution coefficient in 

petroleum ether/water or octanol/water mixtures, it is still a factor 1,000 higher than 

the distribution coefficients of mannitol, lactulose or Cr-EDTA. 

ii) The linear shape of PEG molecules compared to the other probes 2 ' . This has 

been put forward to explain that PEG behaves as a smaller molecule than expected 

from its molecular weight and thus can permeate through small aqueous pores in the 

intestine. Consequently the permeation of PEG is influenced by intestinal water 

absorption in a similar way as permeation of smaller, more globular molecules. 

As a new approach to get more insight into the importance of the lipophilicity of PEG 

for its intestinal permeation, we compared the permeability of PEG (MW range 300 to 

700) to that of another mixture of linear polymeric molecules, namely polypropylene-

glycols (PPG, MW range 300 to 700), having octanol/water distribution coefficients 

about 1,000 times larger than those of corresponding PEG's. In addition we studied 

the effect of water absorption upon the permeability of PEG and PPG, and compared it 

to the effect of water absorption upon the permeability of mannitol and Cr-EDTA, as 

non-lipophilic probes. The study was performed in in vivo perfused segments of 

jejunum (with intact blood supply) in anesthetised cats. 
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METHODS 

The experiments were performed on female cats (European Shorthair) aged 6 to 12 

months, weighing 2.5 to 3 kg. Anaesthesia was induced by intramuscular injection of 

Ketamine (15mg/kg) and Rompun (0.5mg/kg), and maintained by Chloralose (i.V., 

50mg/kg). The animals were deprived of food from 15 hours before the experiments, 

but had free access to water. 

Animal preparation. After cannulation of the trachea to assure a free airway and after 

midline laparotomy, 4 jejunal intestinal segments (length 7-13 cm), beginning about 

10 cm distal from the ligament of Treitz, were isolated with intact vascular supply. 

The spleen and the greater omentum were extirpated and all nerves surrounding the 

superior mesenteric artery were cut to avoid a varying autonomous nervous influence 

in the intestine during the experiments. Arterial blood pressure was recorded via a 

catheter in the femoral artery connected to a pressure transducer (system PPT-3000, 

Peter von Berg Medizintechnik GmbH, Eglharting, Germany) operating on a 

polygraph (constructed at the Dept. of Physiol., Univ. of Göteborg, Sweden) and a 

Servogor 120 writer. Via a T-tube the catheter was connected to a cannula for 

continuous infusion of a solution containing 278 mM glucose and 100 mM Na-

bicarbonate at a rate of 0.1 ml min"1. This served to keep the catheter open and to 

maintain a normal acid-base balance during the experiments 22. Intravenous injections 

were given through a catheter in the femoral vein. The temperature of the cats was 

kept at 38 °C using a thermocouple thermometer in the mouth operating on a heating 

pad under the animal. All animals were given atropine (i.V., 0.25mg/kg) to minimize 

intestinal motility. 

The ends of each intestinal segment were connected to a recirculating system of 

polyethylene tubes connected to a peristaltic pump (Gilson Minipulse 2, Villiers-le-

Bel, France) and to an open cylindric reservoir with the inflow at the top and outflow 

at the bottom of the cylinder. The inflow opening was always placed 1-2 cm below the 

distal end of the segment. The fluid leaving the reservoir was brought to body 

temperature before entering the segment. The segments were carefully placed on the 

abdomen and kept moistened and at body temperature by a cover of thin plastic and 

gauze soaked in saline. One of the volume reservoirs, i.e. the one containing the 

Krebs-glucose solution (see below) was placed on a force transducer (Statham F03) 

allowing the continuous recording of the fluid volume in the reservoir. Provided there 
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was no motility, the absorption or secretion in that segment could be monitored as a 

slow decrease or increase of the volume of the perfusate. 

Experimental procedures. Each intestinal segment was perfused for 4 hours at a rate of 

1 ml min"1 with one of the solutions described below. The perfusates chosen for more 

proximally or distally located segments were randomized between the experiments. 

After 1, 2 and 3 hours of perfusion 200 ul of a IM glucose solution was added to the 

reservoir containing the Krebs glucose perfusate. After 4 hours the different 

circulating systems were simultaneously disconnected and the tubes and segments 

were emptied by air pumped through the system by the polystaltic pump. The 4 

perfusion systems were then washed (1ml min"1) with 10 ml of either choline-

mannitol or Krebs-mannitol solutions containing lmg ml"1 of acetylcystein. The last 

remaining volumes of perfusate in the system were emptied by air and by gentle 

pressure on the segments. At the end of the experiment the length, the weight and the 

serosal surface area of each segment were determined. 

Measurements of transport rates. PEG (282 -722), PPG (250 -656), 51Cr-EDTA and 
14C-mannitol were used to measure the passive transport from the intestinal lumen into 

the tissue. The transport rate was determined as clearance from the luminal perfusate 

of the probes per minute and per g intestine and calculated from the formula: 

Clearance = ((Ci x Vi) - (Cf x Vf) - (Cw x Vw)). ((0.5(Ci + Cf)). t . W)"1 

(in ul (g x min) "') 

where C is the probe concentration of the initial (i), of the final (f) and of the wash (w) 

solution and V the volume of the same solutions, t the time in minutes and W the 

segment weight in gram. 

Detection of PEG and PPG. PEG or PPG in the perfusion fluid was determined by 

direct injection HPLC 23, which gives better recoveries than the methods with analysis 

after chloroform extraction 4. 

Individual standard curves were obtained for the PEG fractions from Mw 282 up to 

Mw 722, in the range of total PEG concentrations from 1.0 to 5.0 g/1, obtained by 

mixing of equal amounts by weight of PEG 400 and PEG 600 (Merck, Darmstadt, 

Germany). Standard curves in the same concentration range were prepared for PPG in 

water with PPG 425 (Aldrich, Bornem, Belgium). Quantification was by area. 
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After filtration through a 0.22 urn pore size filter, 20 ul of the filtrate was injected in 

the chromatographic system, which consisted of a PROMIS autosampler (Spark 

Holland, Emmen, The Netherlands), two Spectroflow 400 HPLC pumps (Kratos 

Analytical, Ramsey, New Jersey, USA), an ERC-7510 refractive index detector (Erma, 

Tokyo, Japan) and a Gynkosoft controller and data system (Gynkotek; Germering, 

Germany). Individual PEG peaks were separated on a 100 x 3.0 mm Chromspher-C 18 

5 um column (Chrompack, Middelburg, The Netherlands) using an isocraticmobile 

phase consisting of 27% methanol in 0.02 mol/1 phosphate buffer pH 6.0 for PEG. For 

accurate determination of the low Mw peaks 14.5% methanol in buffer was used and 

for the higher Mw peaks 36% methanol in buffer. For the PPG determination of the 

most abundant peaks 53% methanol in 0.02 mol/1 phosphate buffer pH 6.0 was used, 

for the low Mw peaks 36% methanol in buffer and for the high Mw peaks 66% 

methanol in the buffer. Here a 100 x 3.0 mm Chromspher-C8 5 um column was used. 

The flow rate was always 1.0 ml/min. All determinations were done in triplicate. 

Determination of octanol/water partition coefficients of PEG and PPG. PEG 400 (1.5 

g/1) + PEG 600 (1.5 g/1), or PPG 425 (3 g/1) were dissolved in water, and equal 

amounts (by volume) of octanol and water were vigorously shaken for 2 hours in a 

Heidolph Reax 2 rotational shaker (Lameris, Breukelen, The Netherlands). The 

mixtures were centrifugated for 15 minutes at 1500 g, and PEG or PPG content of the 

water before and after the octanol exposure were measured as described above. 

Test solution composition. Segments were perfused with modified Krebs-Henseleit 

solutions containing (in mM): Na+ 147.0; K+ 4.7; Mg2+ 1.2; Ca2+ 2.5; Cl" 132.0; HC03" 

25.0; H2P04 1.2 (= Krebs solution), or with their sodium-free analogs in which Na+ 

was replaced by Choline+ (= Choline solution). Krebs- and Choline-solutions 

contained 30 mM glucose + ImM mannitol (= Krebs-Glucose and Choline-Glucose). 

The test solutions contained either a mix of PEG 400 (1.5 g/1) + PEG 600 (1.5 g/1), or 

PPG 425 (3 g/1). The osmolality of the solutions ranged between 305 and 315 

mOsmol/kg. 

Statistics. Significances were determined by linear correlation using Graph-Pad 

software. The level of significance was 0.05 (two- or one-tailed, when appropriate, as 

indicated in text). 
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RESULTS 

In Fig. 1 the clearances of all probes from the test solutions were plotted against the 

corresponding water absorption from these test solutions (negative signs indicate 

water secretion). PEG and PPG data represent single values from Choline-Glucose and 

Krebs-Glucose test solutions. Water absorption from Choline-Glucose solutions 

ranged from -0.83 to 2.25 ul/g.min, water absorption from Krebs-Glucose solutions 

ranged from 6.74 to 15.96 ul/g.min. For comparison clearance values for mannitol and 

Cr-EDTA are also shown in the figure. These values are taken from the study by 

Bijlsma et al25 and were obtained with an identical methodology as in the present 

study, partly in the same animals. 
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Fig. 1. Plot of the clearances of PEG 282 - 722 and PPG 250 - 656 from Choline-Glucose and Krebs-

Glucose test solutions against the corresponding water absorption from these test solutions (negative 

signs indicate water secretion). PEG and PPG data represent single values, mannitol and Cr-EDTA 

clearances are mean values ± s.e.m. (n=8) from Choline-Mannitol, Choline-Glucose, Krebs-Mannitol, 

and Krebs-Glucose solutions, with mean water absorption values ranging from -0.51 to 12.92 

ul/g.min. (A more detailed analysis of mannitol and Cr-EDTA clearances is given in chapter 3). 

Clearances of all PPG's (MW 250 - 656) showed a significant (r = 0.91 to 0.95, p < 

0.05 to 0.02) positive correlation to water absorption. The slopes of all PPG curves 

were almost identical, and ranged from 1.18 to 1.32. Also the clearances of PEG's 326 
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to 678 were positively correlated to water absorption (r = 0.93 to 0.99, p < 0.05 to 

0.001), and values for PEG 282 and 722, which appeared to be just above detection 

limits, were close to significance (r = 0.86 and 0.80, p < 0.07 and < 0.10). Slopes of 

PEG curves varied from 0.12 to 0.83, and showed a gradual increase with decreasing 

MW. Mannitol clearance also significantly correlated positively to water absorption (r 

= 0.99, p < 0.002). In contrast, there was no positive correlation between the clearance 

of Cr-EDTA and water absorption25 (r - 0.05, p = 0.47, all p-values one-tailed). 

In order to make a more detailed comparison of the permeability of PEG and PPG, the 

values of their clearance at a net water absorption of 0 ul/g.min (Jw= 0) and of 10 

ul/g.min (Jw= 10) were taken from the correlation curves in Fig. 1. The clearance 

values of PEG and PPG at Jw= 0 were expressed as a function of MW in Fig. 2A. The 

slope of a linear fit was significantly different from zero for both PPG and PEG (PPG: 

r = 0.78, p < 0.02, and PEG: r = 0.79, p < 0.004 (p-values two-tailed)). 

i — ' — i ' r 
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molecular weight of PEG or PPG 
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Fig. 2 A. Plot of the clearance values of PEG and PPG at a net water absorption of 0 ul/g.min (values 

obtained from the correlation curves in Fig. 1) against their MW. The slopes of the regression lines 

for both PPG and PEG were significantly different from 0 (PPG: r = 0.78, p < 0.02, y = 12.962 (± 

0.779) - 0.0049 (± 0.0016) x, and PEG: r = 0.79, p < 0.004, y = 9.707 (± 1.648) - 0.0124 (± 0.0003) x 

(p-values two-tailed)). 

The regression lines from fig. 2A served to calculate the clearances of PEG and PPG 

with normalized MW's of 300 and 600 (Table 1, discussion). These clearance values 
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were used for analysis of the influence of the lipophilicity of PEG upon its intestinal 

permeability. -

To demonstrate the effect of water absorption we plotted the change in the clearances 

of PEG and PPG from Jw= 0 to Jw= 10 against their MW (Fig. 2B). Water absorption 

induced an increase in PPG-clearance irrespective of the MW of PPG (r = 0.55, p < 

0.16). In contrast, the increase in clearance of PEG was significantly smaller at higher 

MW: r = 0.96, p < 0.0001 (two-tailed). 
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Fig. 2B. Plot of the increments in clearances of PEG and PPG induced by a change in net water 

absorption from 0 ul/g.min to 10 ul/g.min (values obtained from the correlation curves in Fig. 1) 

against their MW. The water absorption-induced increase in the clearance of PPG was not 

significantly related to the MW of PPG (r = 0.55, p < 0.16, y = 11.67 (± 0.55) + 0.0019 (± 0.0012) x). 

The increase in clearance of PEG was significantly related to its MW (r = 0.96, p < 0.0001, y = 11.45 

(± 0.69) - 0.014 (± 0.001) x (p-values two-tailed)). 

The octanol/water partition coefficients of PEG's and PPG's are shown in Fig. 3, as a 

function of MW. Partition coefficients of PPG ranged from 0.81 for PPG 308 to 25.70 

for PPG 656, and could be described by the exponential function: 0.04849 * 10 000422 

MW (r = o.995 p < 0.0001 on log-transformed data (two-tailed)). Partition coefficients 

for PEG ranged from 0.059 to values under our detection limit of 0.010. Partition 

coefficients of PEG showed no measurable correlation to MW (r = 0.24, p = 0.50, 

two-tailed). The mean value of the PEG partition coefficients was 0.022 ± 0.007 (± 

s.e.m). 
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Fig. 3. Plot of the octanol/water partition coefficients of PEG's and PPG's against their MW. Partition 
coefficients of PPG follow an exponential function (r = 0.99, p < 0.0001 on log-transformed data 
(two-tailed)). Partition coefficients for PEG ranged from 0.059 to values under our detection limit of 
0.010, and showed no measurable correlation to Mw (r = 0.24, p = 0.50, two-tailed). 

The exponential curve fit of PPG partition coefficients and the mean value of PEG 

partition coefficients were used to calculate partition coefficients of PEG and PPG 

with normalized MW's of 300 and 600, which are shown in Table 1 in the discussion. 

These partition coefficients were used for analysis of the influence of the lipophilicity 

of PEG upon its intestinal permeability. 

DISCUSSION 

The role of the lipophilicity of PEG's in their intestinal absorption 

In 1969 Lieb and Stein26 have shown that the permeability (P) of non-electrolytes 

through biological membranes follows P = P0.K.Mref
sm, where P0 is a constant 

characteristic for the membrane, K is the partition coefficient between the membrane 

phase and the external aqueous bathing phase, Mrei is the molecular weight of the 

permeant relative to methanol and sm is the differential mass selectivity coefficient 

characteristic for the membrane. In Table 1 we have used the octanol/water partition 

coefficients of PEG and PPG (Fig. 3) to obtain partition coefficients of PEG and PPG 
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at MW's of "300" and "600". Moreover, we used the clearance values of PEG and PPG 

at zero net water absorption (Fig. 2A) to obtain values for PPEG and PpPG at MW's 

"300" and "600". 

PEG 300 PEG 600 PPG 300 PPG 600 

Clearance 

(|al/g.min) 

Partition 

coefficient 

6.11 2.51 11.46 9.96 

0.022 0.022 0.895 16.507 

Table 1. Estimated clearance values and octanol/water partition coefficients of PEG and PPG for 
normalized molecular weights of 300 and 600. Clearance values were calculated from Fig. 2A, 
octanol/water partition coefficients were calculated from Fig.3. 

If, for simplicity, we first assume that the clearance of PPG is entirely taking place by 

passage through the hydrophobic membrane, then the ratio of PEG/PPG permeability 

through the membrane at similar MW's will be equal to KPEG /KPPG. For a MW of 300 

this implies that the PEG/PPG permeability ratio = 0.025, so the PEG 300 

permeability through the membrane is 2.5 % of the PPG 300 permeability. This gives 

an expected PEG 300 permeability through the membrane phase of 0.29 ul/g.min, 

which is only 4.7 % of the PEG 300 clearance in Table 1. For a MW of 600 the same 

assumption leads to a PEG/PPG permeability ratio of 0.0013. So the PEG 600 

permeability through the membrane is 0.13 % of the PPG 600 permeability, giving an 

expected PEG 600 permeability through the membrane phase of 0.013 ul/g.min, which 

is only 0.5 % of the PEG 600 clearance in Table 1. 

Therefore, assuming that PPG only passes via the membrane phase leads to the 

conclusion that more than 95 % of the PEG 300-clearance and more than 99 % of the 

PEG 600-clearance takes place through aqueous pores. However, the assumption that 

PPG permeation is exclusively taking place through the membrane phase may be 

incorrect: As permeation through aqueous pores is independent of K, a more realistic 

assumption will be that the permeation of PPG through aqueous pores equals that of 

PEG of a similar MW. Then the total clearance (C) will be: C = Cp + P0.K.Mref
sm , 

where Cp is the clearance through aqueous pores and P0.K.Mrei"
srn is a constant (c) at 

equal MW's. 
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For PEG 300 and PPG 300 this gives c = 6.128 and Cp = 5.975, so for PEG 300 the 

clearance through aqueous pores is 97.8 % and through the membrane phase is 2.2 % 

of its total clearance. For PPG 300 these values are respectively 52.1 % and 47.9 %. 

For PEG 600 and PPG 600 the same assumption gives c = 0.452 and Cp = 2.500, so 

for PEG 600 the clearance through aqueous pores is 99.6 % and through the 

membrane phase is 0.4 % of its total clearance. For PPG 600 these values are 

respectively 25.1 % and 74.9 %. 

Considering that both Hollander et al.27 and Philipsen et al.28 reported a decrease of 

PEG octanol/water partitioning coefficients with increasing molecular weight, we are 

aware that our detection method concerning PEG was not as sensitive as their 

methods, where PEG was measured in the octanol phase. Both reports show partition 

coefficients for PEG 300 comparable to our value (± 0.022), and about 7 times lower 

values for PEG 600 (± 0.003). Using these values c = 0.451 and Cp = 2.509, so for 

PEG 600 the clearance through aqueous pores will be 99.95 % and through the 

membrane phase will be 0.05 % of its total clearance. For PPG "600" the values will 

be respectively 25.2 % and 74.8 %. 

In summary, the contribution of PEG permeation through the membrane phase will 

only be a few % of the total intestinal clearance for lower molecular weights, and it 

will be negligible for higher molecular weights. This is in agreement with the 

negligible permeation of PEG 900 into the aqueous inner compartment of brush border 

membrane vesicles of rabbit small intestine, as reported by Ma et al.21. 

The effect of the lipophilicity ofPEG's upon their distribution volume 

The clearance values and octanol/water partition coefficients of PPG 300 and 600 also 

allow for an estimate of sm, the differential mass selectivity coefficient characteristic 

for the intestinal mucosal membrane. For the calculation of sm, the equation of Lieb 

and Stein is rewritten as: log P = log K - sm. log Mrei + log P0 , where log Po is a 

constant (C). Again we can assume two conditions: i) that the clearance of PPG is 

entirely taking place through the hydrophobic membrane; ii) that the clearance of PPG 

through aqueous pores is similar to that of PEG (with membrane permeabilities of 

PPG 300 and PPG 600 of resp. 5.48 and 7.46 ul/g.min). 

Assumption i) gives C = 5.3913 and sm = 4.41. To make a comparison to log Po -

values from Lieb and Stein, clearance units (in ul/g.min) must be expressed in cm/sec. 

As lg = 4.125 cm2, the conversion factor isl/247500, giving a value of log Po 

(cm/sec) = 0.002. Likewise, assumption ii) gives C = 4.4418, sm = 3.76 and log P0 
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(cm/sec) = - 0.9518. The values for both sm and log P0 are comparable to the values 

measured in plant and animal cell membranes by Lieb and Stein (sm: 2.9 to 6.0 and 

log P0: -1.4 to 0.7). A sm value of 3.76 implies that the permeability of PEG 300 

through the hydrophobic membrane is a factor 13.5 larger than the corresponding PEG 

600 permeability at equal octanol/water partition coefficients, or a factor 94.5 larger 

taking data of Hollander et al.27 and Philipsen et al.28 for differing partition 

coefficients. 

Although it is clear from the above calculations that the lipophilicity of PEG is not a 

significant factor in the intestinal permeation of this probe, it may be of relevance for 

the urinary recovery of PEG, as after its intestinal absorption PEG will come into 

contact with numerous lipophilic barriers in the body, before it is excreted into the 

urine. As it is likely that the values of the differential mass selectivity coefficient for 

these barriers are in the same range as the value for the intestine29, this may lead to a 

much larger distribution volume within the body for the lower molecular weight PEG's 

compared to the higher molecular weight PEG's. 

This is in keeping with the finding in pigs30, that after intravenous injection of PEG's 

there was a much lower 1 hour-urinary recovery of low molecular weight PEG's (282 

-678), compared to PEG's 722 to 1206. The low recovery of PEG in the range 282 to 

678 was size-dependent, with 2-fold lower values for PEG 282 compared to PEG 678, 

while there was no size-dependency for recovery of PEG's 722 to 1206. This size-

dependent urinary recovery of low molecular weight PEG's after intravenous injection 

was also reported in human volunteers and coeliac patients 17'31, with 24 hour-

recoveries of PEG 194 of only 26 to 32 %, a factor 2.4 to 2.6 lower than 

corresponding PEG 502 recoveries. We suggest that the differential urinary recovery 

of low and high molecular weight PEG's after intravenous injection is due to size 

dependency for penetration through lipophilic barriers in the circulation. 

The effects of water absorption upon the intestinal absorption of PEG's 

In contrast to the contribution of the lipophilicity of PEG to its intestinal absorption, 

intestinal water absorption is clearly a factor of importance for the intestinal 

permeation of PEG's, and also of PPG's and mannitol (Fig 1). This finding supports 

previous reports about the effect of water absorption on PEG 900 and PEG 400 uptake 

in rat intestine perfused in vivo 27'32, and on mannitol absorption in rat intestine 33'34. In 

these studies, the effect of water absorption was attributed to solvent drag, and we also 
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hypothesized that water absorption, by means of solvent drag, was the main cause for 

the large difference in urinary recovery of mannitol vs lactulose in humans 34. 

In Fig. 2A the permeability patterns of PEG's and PPG's mainly represent their passive 

diffusion characteristics, as net water absorption is absent in this condition. The strong 

dependency of PEG diffusion upon its molecular weight for MW < ± 500 was also 

found in in vitro rat intestine 38, in Caco-2 monolayers38 and in triple-lumen perfusion 

studies in human intestine2. This may be related to the flexible, rope-like structure of 

PEG's in aqueous solutions due to hydrogen-bonding with surrounding water 

molecules, which may lead to more cloth-like globular structures at higher molecular 

weights. This size-dependency of diffusion is also significant for PPG's, however to a 

much lesser extent than for PEG's. This is readily explained by the exponential 

increase in lipophilicity of PPG's with increasing molecular weight, which will cause 

an increased permeation through luminal cell membranes and thus compensates for the 

reduced diffusion through aqueous pores with increasing molecular weight. 

In Fig. 2B we compared the change in clearance of PEG's and PPG's induced by a 

change in net water absorption from 0 to 10 ul/g.min. To explain the strong size-

dependency of the change in PEG clearance induced by water absorption one may 

assume that pore restriction to the permeation of PEG interferes with the solvent drag. 

Solvent drag versus solute concentration effects 

An alternative explanation is that water absorption leads to solute concentration in an 

unstirred layer at the entry of the pores. In this case, however, one may expect a much 

stronger relative effect of water absorption upon the permeation of the smaller, more 

permeant PEG's compared to the larger, less permeant PEG's. This is because the 

unstirred layer may be seen as an additional resistance to diffusion in series with the 

pore resistance, which implies that at a smaller pore resistance to diffusion, the 

unstirred layer and changes in its diffusion gradients will be relatively more important. 

This coupling between solute and solvent fluxes has extensively been analysed in 

studies of Andreoli et al. 42'43 in lipid bilayers with aqueous pores of about 5.6 Â. 

They showed that for hydrophilic probe molecules of low permeability a true solvent 

drag effect was predominant over a solute concentration effect during solvent flow. 

Going back to our data, the slopes of the regression lines for the permeabilities of 

PEG's in Fig. 2A and for the permeability increases of PEG's in Fig. 2B are almost 

identical (p = 0.68, two-tailed), at a basal PEG flux comparable to the PEG flux 

increase. (This is why a direct comparison between the slopes is allowed. Moreover, 
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also a plot of the ratio: PEG flux increase/PEG basal flux vs PEG molecular weight 

revealed no correlation: p = 0.62, two-tailed). If the flux increases of PEG's in Fig. 2B 

would exclusively have been caused by solute concentration, a steeper, more negative 

slope should have been expected in favor of flux increases of the smaller PEG's 

compared to the slope in Fig. 2A. As this is not the case we assume, in accord with the 

findings of Andreoli et al.43, that the flux increases especially of the larger PEG's are 

mainly caused by solvent drag, that is the coupling of water and solute transport in the 

pores. 

The observed change of the clearance of PPG in Fig. 2B was independent of the 

molecular weight and was about 12 ul/g.min, which is larger than the change in net 

water absorption of 10 ul/g.min. As the unidirectional water absorption in cat small 

intestine exceeds the net water absorption 36, the large change in PPG clearance may 

still be explained by water absorption. The proportion of the PPG flux increase 

permeating through aqueous pores may be presumed to be quantitatively comparable 

to the observed flux increases of PEG's in fig 2B, and by inference also mainly 

influenced by solvent drag. However, the proportion of the PPG flux increase passing 

through the lipophilic membrane may be strongly affected by solute concentration, as 

a substantial part (estimated to be about 60 % 25) of the absorption of water occurs via 

the transcellular pathway. Solute concentration in an unstirred layer lining the luminal 

cell membrane should have a relatively stronger effect on the probes with the larger 

lipophilic diffusion component, the higher molecular weight PPG's. Indeed a 

comparison of the slopes of the regression-lines of PPG's in Fig. 2A and 2B shows a 

very significant difference (p < 0.005, two-tailed), again at a basal PPG flux 

comparable to the PPG flux increase. The slope switches from negative in Fig. 2A to 

positive in Fig. 2B, which is consistent with the involvement of solute concentration in 

the water-absorption induced flux increases of the PPG's. Also a plot of the ratio: PPG 

flux increase/PPG basal flux vs PEG molecular weight revealed a positive correlation 

(p = 0.028, two-tailed). 

So the effect of water absorption on the permeability of the larger PEG's (and 

mannitol) is most probably due to solvent drag, while the water absorption effects on 

PPG permeability may largely depend on a solute concentration effect. 

General conclusions. 

i) Cr-EDTA will also be subject to solvent drag and/or solute concentration, so the 

absence of an effect of water absorption on the clearance of this probe implies that the 
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upper parts of the villi are impermeable to Cr-EDTA, as discussed in detail elsewhere 
25,35. This implies that the permeation pathway for Cr-EDTA (and disaccharides) 

resides in the basal parts of the villi or, as proposed by Hollander37, in the crypts, 

ii) PEG's in the range 502 - 722 have the same permeability characteristics as 

mannitol, which was also reported in in vitro studies in rat small intestine and in Caco-

2 monolayers 38. Because of the negligible permeability of PEG 502 - 722 through the 

lipophilic membrane phase, this similarity to mannitol (Mw 182) may indeed be 

related to the linear shape of the PEG molecule, as proposed by Hollander . 

iii) Because small intestinal water absorption in cats and humans depends on 

hyperosmolality in the villi, which in turn is dependent on the efficiency of counter-

current multiplication of NaCl in the villi, the in vivo absorption of PEG in both 

species will be influenced by the efficiency of this mechanism in a similar way as we 

proposed for mannitol 35. Consequently, PEG recovery will also be reduced by 

malabsorption of sodium and/or impaired sodium-coupled nutrient uptake, by 

disturbances in blood flow through the villi or by shortening of the villi and their 

vasculature. 

iiii) In contrast to the urinary recovery ratio of lactulose/mannitol and Cr-EDTA/ 

mannitol, the ratio of low MW PEG/high MW PEG in the range we used (282 -722) 

will not be influenced by water absorption, as all these PEG's are influenced with the 

same factor (which has a value of about 2 at a water absorption change from 0 to 10 

ul/g.min). However, the clinical value of such PEG ratios is questionable, as PEG's 

282 to 722 all seem to permeate through the same pore population, and low MW 

PEG's are poorly recovered in the urine. 

In summary, we conclude that the lipophilicity of PEG 282 to 722 does not play a 

significant role in its intestinal absorption, but that it may strongly influence the 

urinary recovery of low Mw PEG's due to the high differential mass selectivity 

coefficients of the various lipophilic membranes with which PEG comes into contact 

before it is excreted into the urine. PEG (282 -722) recoveries do not seem to provide 

more specific information about intestinal permeability than mannitol recoveries. We 

suggest the use of much higher molecular weights of PEG, shown in studies of 

Gmoshinsky et al.39 and Ryan et al.40 in rats, and of Parlesak et al.41 in humans using 

PEG 3350 and PEG 4000, as there is a need for inert clinical permeability probes that 

reflect the permeability of antigenic macromolecules. 
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Abstract. It is well known, that in mammalian small 
intestine, cAMP increases Cl~ permeability of the apical 
membrane of enterocytes as part of its secretory action. 
Paradoxically, this is usually accompanied by an increase 
of the transepithelial resistance. In the present study we 
report that in the presence of bumetanide (to block ba-
solateral Cl~ uptake) cAMP always decreased the trans-
epithelial resistance. We examined whether this de
crease in resistance was due to a cAMP-dependent in
crease of the paracellular electrolyte permeability in 
addition to the increase of the Cl~ permeability of the 
apical cell membrane. We used diffusion potentials in
duced by serosal replacement of NaCl, and transepithe
lial current passage to evoke transport number effects. 
The results revealed that cAMP (but not carbachol) could 
increase the CI" permeability of the tight junctions in rat 
ileum. Moreover, we observed a variation in transepi
thelial resistance of individual tissue preparations, in
versely related to the cation selectivity of the tissue, sug
gesting that Na+ permeability of the tight junctions can 
vary between preparations. 

Key words: Paracellular pathway — Sodium conduc
tance — Transport number — Ion selectivity — Trans-
epithelial resistance — Tetrodotoxin — Bumetanide 

Introduction 

Since the pioneering studies of Frömter [14] it is well 
known that in leaky epithelia the paracellular pathway 
can comprise more than 90% of the transepithelial con-

Correspondence to: J.A. Groot 

ductance. The paracellular pathway consists of a series 
array of the tight junctions and the lateral intercellular 
space. The tight junctions are considered to be the most 
important barrier in this array. It is evident, however, 
that the interspace becomes more important when its 
diameter decreases [14]. 

The epithelia of small intestine and gallbladder be
have as cation selective barriers [6, 13]. This is because 
the paracellular pathway dominates the transepithelial 
permeability and the tight junctions have a larger con
ductance for cations. It has been reported that the cation 
selectivity of these epithelia can be decreased by cAMP-
generating drugs [4, 11, 27]. This conclusion is primar
ily based on measurements of diffusion potentials 
induced by replacing part of the NaCl in the bathing 
solution at one side of the epithelium by an inert non-
electrolyte. These so called dilution potentials are indi
cators for the ion selectivity of the epithelium and 
changes in these transepithelial potential differences re
flect changes in ion selectivity of the paracellular path
way if the ion permeability of the cell membranes re
mains unaltered. The conclusion that the ion selectivity 
of tight junctions of Necturus gallbladder [11] can be 
modulated by cAMP must be questioned since (i) it is 
known now that in this tissue cAMP also induces an 
increase of the CI" conductance in the apical cell mem
branes [26], thereby reducing the cation selectivity of the 
tissue, (ii) cAMP induced a decrease of the transepithe
lial conductance in the gallbladder due to a collapse of 
the lateral intercellular space [19]. This makes this part 
of the paracellular pathway more important and because 
the transport numbers (f) in the lateral intercellular 
spaces are based on free solution mobility, with ta > 
fNa, the cation selectivity of the paracellular pathway 
should decrease. In contrast, in fish intestine, where 
cAMP has no effect on the ion permeability of the apical 
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membrane of the epithelial cells [4, 20, 28], it has been 

demonstrated that cAMP can increase the conductivity of 

the tight junctions for specifically some anions, including 

C r [3, 5]. Although the details of the mechanism remain 

to be elucidated, it is evident that the anion conductance 

of the tight junctions is regulated by cAMP because it 

can be increased by the permeable form 8-Br-cAMP and 

by the adenylate cyclase activator forskolin and can be 

regulated by cAMP-related transmitters like VIP and epi

nephrine and the cAMP sparing inhibitors of phospho

diesterase [3, 4]. Cytoskeletal-active [21] agents in

duced a nonselective permeability increase [5]. 

The main goal of the present study was to answer the 

question whether, like in fish intestine, the CP conduc

tance of the tight junctions of rat ileum can be increased 

by cAMP. The absence of the cAMP-sensitive Cl~ chan

nels in the apical membrane of fish enterocytes makes it 

possible to use cAMP mediated changes in dilution po

tentials as indicator for modulation of the ion selectivity 

of the tight junctions. In rat ileum, however, the mucosal 

dilution potential (serosa-negative potential change) is 

diminished and the serosol dilution potential (serosa-

positive potential change) is increased by cAMP because 

of the activation of the transcellular CP secretion which 

in itself causes a serosa positive potential change. 

Would it have been possible to block the apical cAMP-

activated CP channels in the rat ileum then one would 

have a tissue like fish intestine. However, we found 

none of the tested CP channel blockers (DPC, 9AC, 

SITS, NPPB) effective in preventing the serosa positive 

potential change upon cAMP application in rat ileum 

(R.B. Bajnath, P.B. Bijlsma, J.A. Groot, unpublished ob

servations). As an alternative we compared the effect of 

cAMP on the serosal dilution potential in the absence 

and presence of the NaK2Cl cotransport-inhibitor, bu-

metanide. Bumetanide causes a strong reduction of the 

forskolin-evoked potential change in rat ileum [16]. The 

CP permeability at the basolateral side of the epithelial 

cells is not affected by forskolin [11] and, in the presence 

of a K+-channel blocker in the serosal bath, application of 

forskolin will not change the cellular component of the 

ion selectivity at the basolateral side. 

Another test we used to determine the influence of 

forskolin, is the effect of current passage through the 

epithelium. This technique has previously been used to 

study the ion-selectivity of tight junctions in leaky epi-

thelia, including fish intestine [5, 7, 14]. The back

ground of this method is described in detail in the 

method section. Furthermore, we compared the effects 

of cAMP and forskolin to the effects of carbachol, an

other secretagogue, acting via a different pathway. 

Materials and Methods 

ELECTROPHYSIOLOGICAL MEASUREMENTS 

Female Wistar rats (200-300 g) were anesthetized by intraperitoneal 
injection of sodium-pentobarbital (60 mg/kg). A midline abdominal 

ventral incision was made, segments of distal ileum were ligated, in
cised next to the ligatures and rinsed with Ringer's solution to remove 
intestinal contents. After ligating the blood supply to the segment it 
was removed, stripped of muscle layers and flat sheets of tissue were 
mounted in tissue holders described elsewhere in detail [3]. The time 
between cutoff of blood supply and mounting of tissue holders in the 
Ussing chambers was less than 2 min. Two sheets of tissue were 
prepared simultaneously and were used as control and experimental 
tissue. The exposed area was 0.2 cm2 and free of Peyer's patches. 
Both sides of the epithelium were perfused with Ringer's solution, 
gassed with humidified 5% C02 + 95% 02 . Solutions were maintained 
at 37°C with water jackets and recirculated (total volume 3 ml on either 
side) with a roller pump. No hydrostatic pressure differences occurred 
during changes of the perfusion solutions. Transepithelial potential 
differences was measured using Ag-AgCl electrodes connected to the 
perfusion medium by Ringer-agar bridges. The tips were placed at less 
than 1 mm from the epithelium in the middle of the exposed area. 
The resistance was calculated from voltage deflections evoked by 1-sec 
bipolar current injections of +10 and -10 |i,A through platinum 
electrodes placed 2 cm from the epithelium and is given as ohm.cm2. 
When serosa-to-mucosa or mucosa-to-serosa direct currents were 
passed, the output of a constant current source was connected to the 
current passing electrodes so that the effect of direct current on the 
transepithelial resistance could be followed continuously. The direct 
current was passed as long as necessary to reach a plateau value of 
potential and resistance. Corrections were made for the resistance of 
the perfusion solutions and, when necessary, for potential differences 
across the agar bridges which were calculated by the Henderson equa
tion. The input resistance of the amplifiers was higher than I09 ohm. 
The amplifiers were connected to recorders so that potential and resis
tance could be followed continuously. 

FLUX MEASUREMENTS 

Intestinal sheets, were mounted on tissue holders to separate two com
partments filled with 3-ml Ringer's and stirred with magnetic buttons. 
A stream of humidified 95% 0 2 and 5% C02 was passed over the 
solutions. Six intestinal sheets were used in one experiment. 36C1 was 
added to either the mucosal or serosal compartment. At 30 min, by 
which time steady state fluxes had been achieved, three 0.1-ml samples 
were taken and this was repeated at 40 min. Dibutyryl cyclic AMP (1 
mM) was added thereafter to four serosal compartments and in two of 
these also 0.1-mM bumetanide. Further samples were taken at 50 and 
60 min. The changes in the fluxes were calculated from the 10-min 
period before and after drug addition. Serosa-to-mucosa fluxes of 22Na 
in the presence and absence of 8-Br-cAMP were monitored in separate 
experiments with bumetanide present throughout. 

CALCULATIONS 

The gNa tj and gclitj, the conductance of the tight junctions for Na+ and 
Cl~ respectively was calculated with the assumption that the paracel-
lular conductance comprises 95% of the tissue conductance [24] and 
that the lateral intercellular space contributes 15% to the resistance, 
based on the mean decrease of the resistance due to mucosa to serosa 
current (this paper). This allows to calculate Gy (conductance of tight 
junctions) which is considered to be the sum of gNätJ and gC[IJ. The 
participation of K+ has been left out because of its much lower con
centration. 

The change of the transepithelial potential (dEtß induced by mu
cosal dilution of NaCl was corrected for the tip potential, calculated 
from Henderson's equation, and used to calculate the transport number 
of CI and Na, using the Hodgkin and Horowitz equation: dEs: = 
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Fig. 1. Schematic representation of the effect of direct current passing 
from serosa to mucosa. The difference in transport number at the mu
cosal barrier and the serosal barrier causes a depletion of NaCl in the 
lateral intercellular space and, because of osmotic forces, of water. This 
induces an increase of the electrical resistance of the interspace and 
therefore of the epithelium. 

fNa ' dENa
 + 'ci ' dEc\ w*m N̂a + 'ci = 1- ln m ' s calculation, the con

tribution of changes in the apical membrane potential was ignored 
because the changes are very small [1, 24] and, because of the voltage 
divider ratio in leaky epithelia, their contribution to the transepithelial 
potential is even smaller. 

From measurements of mucosal dilution potentials [7.6 ± 0.3 mV; 
n = 55, see Results) the average Na transport number of the tight 
junctions was estimated to ?Na = 0.7, while in free solution fNa = 0.4, 
as can be calculated from the ionic mobility in free solution. 

E F F E C T O F P A S S A G E O F T R A N S E P I T H E L I A L C U R R E N T 

To study the ion selectivity of the tight junctions we made use of the 
so-called transport number effect [7, 14] which would decrease the 
amount of NaCl in the lateral intercellular space when a serosa-positive 
direct current is passed through the intestinal epithelium (see Fig. 1). 
This is because most current through the tight junctions is carried from 
the interspace to the lumen by Na+ (cation selective tight junctions) 
while at the serosal side most current is carried from the interspace by 
CI~ (in free solution the mobility of Cl~ is larger than the mobility of 
Na+). The depletion of NaCl in the lateral intercellular space will lead 
to increased electrical resistance of this compartment and thus to an 
increase of the transepithelial resistance. When a larger part of the 
current at the tight junctional border can be carried by Cl~, the differ
ence in transport number at the two ends of the paracellular pathway 
will decrease and the effect of current passage on transepithelial resis
tance will also decrease. 

Current injection from mucosa to serosa will increase the amount 
of NaCl in the interspace and may induce a decrease of the resistance 
of the epithelium. Demonstration of the latter change depends on the 
initial contribution of the lateral intercellular spaces to the total resis
tance of the paracellular pathway. The change will be hardly detectable 
when the initial contribution of the resistance of the interspaces to the 
paracellular resistance is small. 
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Fig. 2. Transepithelial potential change induced by forskolin (10~5 M) 
added at t = 0 to the serosal side in the absence (triangles) and pres
ence (squares) of TTX 10"6 M in paired experiments. The potential 
change reached a maximum at about 10 min and declined to a level 
similar to TTX (n = 7, mean + SE). Data points are significantly 
different till t = 30 min (P < 0.05, one-tailed Student's Mest). 

tion the pH was 7.3 and the osmolarity 320 mOsm. The final concen
trations of the secretagogues and inhibitors were: 8-Br-cAMP and 
dBcAMP 10"3 M, forskolin 10~5 M, carbachol 10~5 M, bumetanide 
10"4 M, BaCl2 10"3 M, TTX 10~6 M, quinidine 10~3 M. 

Forskolin was dissolved in ethanol, bumetanide and quinidine in 
methanol, tetrodotoxin (TTX) in Ringer's solution and the other com
pounds used, in water. The final concentrations of ethanol and metha
nol were 0.1%. This concentration was without detectable effect. Di
lution potentials were induced by replacing 59 mM NaCl by 118 mM 
mannitol. 

All chemicals were obtained from Sigma Chemical (St Louis, 
MO) except for bumetanide which was a gift of Leo Pharmaceutical 
Products (Ballerup, Denmark) and radiochemicals which were from 
Amersham (Amersham International, England). 

Statistical significance was tested by paired or unpaired Student's 
Mest and regression analysis was performed using GraphPad software. 

Results 

FORSKOLIN- AND CARBACHOL EFFECTS ARE PARTIALLY 

M E D I A T E D BY N E U R O N A L ACTIVATION 

Figure 2 shows the change of the transepithelial potential 
induced by forskolin in the presence and absence of 
TTX. From the inhibitory effect of TTX on the secretory 
response, we conclude that the effect of forskolin is par
tially due to activation of the underlying neuronal tissue. 
The carbachol-response was also partially sensitive to 
T T X (Fig. 3) To prevent, as far as possible, the release of 
unknown transmitters by forskolin or carbachol we ap
plied TTX in most of the further experiments. 

CHEMICALS 

The Ringer's composition was (in mM): NaCl 117.5, KCl 5.7, NaHC03 

25, NaH2P04 1.2, CaCl2 2.5, Mg S04 1.2, mannitol (mucosal perfusate 
only) 27.8, glucose (serosal perfusate only) 27.8. After gas equilibra-

CHANGES IN TRANSEPITHELIAL RESISTANCE INDUCED BY 

FORSKOLIN AND CARBACHOL 

Table 1 shows that the increase in transepithelial poten

tial difference induced by either forskolin (row 1) or 
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Fig. 3. Transepithelial potential change induced by carbachol (KT5 M) 
added at t = 0 to the serosal side in the absence (triangles) and pres
ence (squares) of TTX 10"6 M in paired experiments. The potential 
change reached a maximum at about 2 min and declined to a level 
similar to TTX (n = 7, mean ± SE). Data points are significantly 
different till I = 7 min (P < 0.05, one-tailed Student's f-test). 

carbachol (row 3) is accompanied by an increase in 
transepithelial resistance. To exclude a cAMP-unrelated 
effect of forskolin, 8-Br-cAMP (1 IHM) or dBcAMP (1 
DIM) was used instead of forskolin. The results were 
qualitatively not different from the results obtained with 
forskolin (not shown). Therefore, results with cAMP-
analogues and forskolin are discussed together. Both, 
the opening of apical CP and basolateral K+ channels 
and a possible increase of CP permeability of the tight 
junctions would decrease the transepithelial resistance. 
Hence, the observed increase is, most probably, due to a 
collapse of the lateral intercellular spaces [8, 10, 18, 27], 
The collapse may result from the net loss of salt and 
water from the lateral intercellular spaces via the cells to 
the luminal side. Inhibition of uptake of CP through the 
basolateral membrane would impede the collapse of the 
interspace and possibly the resistance-increase induced 

by secretagogues. Therefore, bumetanide was applied, 
which is known to block the NaK2Cl cotransporter in the 
basolateral membrane and thereby transcellular C P 
transport [29]. As shown in row 2, the presence of TTX 
and bumetanide reduced the effect of forskolin on the 
transepithelial potential change and reversed the effect of 
forskolin on the resistance. The application of bu
metanide and TTX had no significant effect on the trans-
epithelial resistance when applied without forskolin (The 
resistance remained at 99 ± 1% of its original value). 
Apparently, the prevention of transcellular CP transport 
and thereby of a collapse of the lateral spaces unmasks a 
cAMP induced decrease of the transepithelial resistance. 

The data in row 4 indicate that the blockers also 
prevented the carbachol-induced increase of the resis
tance. However, in this case the presence of bumetanide 
did not reveal a decrease of the resistance as observed 
with forskolin. 

DISCRIMINATION BETWEEN CELLULAR AND 
PARACELLULAR EFFECTS 

To study whether cAMP can decrease the paracellular 
resistance, in addition to the decrease of the transcellular 
resistance [1], we performed experiments in which the 
paracellular pathway plays a dominant role. 

Diffusion Potentials Induced by Serosal Dilution 
ofNaCl 

It has been shown earlier in our laboratory that iso-
osmotic replacement of NaCl in the serosal compartment 
of isolated rat ileum caused a smaller (serosa positive) 
potential change when dBcAMP or forskolin was present 
[16], When only Na+ in the serosal compartment was 
partially replaced by N-methylglucamine (NMG) the 
presence or absence of forskolin had no significant effect 
on the (serosa positive) biionic potential. In contrast the 
(serosa negative) biionic potential was larger in the pres
ence of one of these secretagogues when only serosal CP 
was partially replaced by gluconate. These observations 

Table 1. Effect of forskolin and carbachol on transepithelial resistance and potential 

Ro a • cm2 Rt fi cm A R O • cm2 Ai|;( (max) mV n 

1) Fskln 21.2 ±0.9 24.2 ±1.0 +3.0 ±0.9 6.2 ± 0.3 44 
2) Fskln + bum + TTX 23.8 ± 1.5 19.8 ± 1.2 -4.0 ± 0.3 1.5 ±0.2 19 
3) Carbachol 18.2 ±1.5 24.0 ±1.9 +5.8 ±0.8 7.4 + 0.6 12 
4) Carbachol + bum + TTX 21.6 + 1.5 21.1 ± 1.5 -0.5±0.5 1.0 ± 0.1 17 

The changes in resistance and potential are all significantly different from 0 (Students ( test, P < 0.001) 
except for the change of resistance in row 4. Abbreviations: fskln = forskolin, bum = bumetanide, TTX 
= tetrodotoxin, Ro = initial resistance, Rt = resistance at 10 min after forskolin or 7 min after 
carbachol. Ai|i, (max) were taken at the peak of the potential change. Bumetanide and TTX were added 
10 min before the secretagogue. 
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Fig. 4. Transepithelial potential changes induced by forskolin after (A) 
serosal application of bumetanide and quinidine, (B) serosal dilution of 
NaCl, (C) serosal application of bumetanide and quinidine and serosal 
dilution of NaCl. The tracings are examples from a set of 3 experiments 
each. Voltage deflections induced by bipolar current pulses of + and -
10 U.A. Potential change caused by serosal NaCl dilution have to be 
corrected for the diffusion potential across the salt bridge (Ringer's 
agar) in the serosal compartment (-1.9 mV). TTX, KT6 M, was present 
in the serosal bath from the start of the experiments. 

can be explained by one or more of the following pos
sibilities: (i) an increased permeability for CI" of the tight 
junctions, (ii) increased influence of the lateral intercel
lular space because of its collapse caused by secretion 
induced by cAMP or (iii) reduced secretory current due 
to the lower Cl~ concentration in the serosal bath and 
therefore lower substrate concentration for the NaK2Cl 
cotransporter. 

To test these possibilities we compared the effect of 
forskolin during serosal dilution of NaCl in the presence 
and in the absence of bumetanide and quinidine, with 
TTX present from the beginning of the experiment. 
(Quinidine blocks basolateral K+ channels [17] thereby 
preventing electrogenic efflux of Cl~ through the apical 
membrane, and also making the basolateral membrane 
less responsive to ion changes in the serosal bath.). As 
shown in Fig. 4a the presence of the two blockers 
strongly suppressed the electrogenic Cl~ transport (n = 
3: At}/, = 0.8, 1.1, 1.0 mV compared with 6.2 mV with
out blockers, see Table 1). Therefore, dilution of the 
serosal NaCl concentration will be of no influence on 

forskolin-induced transepithelial current because it is al
ready inhibited so that explanations based on possibility 
(iii) are unlikely. Moreover, the collapse of the lateral 
intercellular spaces will not occur (see Table 1) and 
therefore one can exclude that forskolin increased the 
influence of the lateral intercellular space (ii) under this 
condition. 

Figure 4b shows that, without blockers, the trans-
epithelial potential increased in response to the forskolin 
application after serosal dilution of NaCl (n = 3: Au), = 
5.0, 3.6, 4.0 mV). Figure Ac shows this response in the 
presence of the blockers (n = 3: Ai|;r = 0.8, 0.2, 1.2 
mV). Comparison with Fig. 4a shows that the small in
crease of the potential difference is very short lasting and 
in comparison with Fig. 4b the presence of the secreta-
gogue induces a decrease of the transepithelial potential, 
indicating that forskolin reduced the cation selectivity of 
the epithelium. Changes of ion selectivity from changes 
in the basolateral membrane or from collapse of the lat
eral intercellular space can be ruled out. Hence, the ex
periment shown in Fig. 4c in combination with the pub
lished insensitivity to changes in Na+ concentration [16] 
indicates that forskolin reduced the ion selectivity of the 
tight junctions by increasing its CI" permeability. 

Transport Number Effects in the Absence 
of Secretogogues 

Like in other leaky epithelia, current passage increased 
the transepithelial resistance when current was passed 
from serosa to mucosa (/,_>„,) and decreased the resis
tance when current was passed from mucosa to serosa in 
rat ileum (Fig. 5). 

The small decrease of transepithelial resistance 
(15%) due to mucosa-to-serosa current indicates that the 
contribution of the lateral spaces to the paracellular re
sistance was small, and thus normally, the tight junctions 
make up the principal barrier to paracellular ion move
ments. 

To verify that the serosa-to-mucosa current col
lapsed the interspace, the response of the transepithelial 
potential to apical application of glucose during serosa-
to-mucosa current injection was compared with its nor
mal response. This experiment is based on the following 
consideration. Glucose increases the transcellular cur
rent from mucosa to serosa through villus enterocytes 
which flows back through the paracellular pathway and 
thereby generates the glucose evoked potential differ
ence (GEP). A larger resistance of the interspace would 
increase the GEP. The prediction is that a GEP during 
serosa-to-mucosa current passage will be larger than un
der control conditions while the glucose-evoked transep
ithelial current will not be affected. In four parallel ex
periments, GEP was 1.3 ± 0.1 mV under control condi
tions. The transepithelial resistance was 23 ± 3 fl • cm2 
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Fig. 5. The histogram shows the mean transepithelial resistance as a 
percentage of the resistance before current injection of 100 (xA. Pas
sage of the current from mucosa to serosa induced a decrease of the 
resistance while direct current from serosa to mucosa increased the 
resistance. (Initial resistance 21 ± 1 ohm • cm2; mean and SE of 17 
experiments.) 

and the glucose evoked current was calculated from 
Ohm's law as 56 ± 7 |xA/cm2. GEP during rs_>m of 150 
u,A was 2.3 + 0.2 mV, transepithelial resistance 38 ± 2 
Ù • cm2 and the glucose induced current 61 ± 7 ixA/cm2. 
Thus, the glucose evoked potential was significantly 
larger during / M m (P < 0.001) while the current was not 
different, indicating that /s_>m increased the resistance of 
the paracellular shunt pathway. 

Effect of Forskolin and Carbachol on Transport 
Number Effects 

If cAMP can increase the Cl~ conductance in tight junc
tions, the difference between tNa in the tight junctions 
(0.7, see Materials and Methods) and that in free solution 
(0.4, see Materials and Methods) would become smaller 
and thus the changes in the resistance of the paracellular 
shunt pathway induced by current passages would be 
decreased in the presence of forskolin. 

This was tested by passing serosa-to-mucosa current 
in the absence and presence of forskolin. Experiments 
were done in the presence of TTX, bumetanide and Ba2+ 

(see footnote1). Figure 6 shows the time course of the 

1 Direct currents passed through the epithelium, will predominantly 
take the paracellular route as this shunt comprises about 95% of the 
conductance of rat ileum (24). However, in the presence of forskolin 
the cellular pathway increases its conductance. Current from serosa to 
mucosa may induce an influx of K+ through the basolateral membranes 
and of C r through the apical membranes, thus leading to an increase of 
cellular KCl and cell volume and presumably, a decrease of the diam
eter of the lateral intercellular space, possibly leading to an increase in 
transepithelial resistance. This hypothetical effect would be minimized 

+ forskolin forskolin 

t (min) 

Fig. 6. Time course of the change of the transepithelial resistance 
induced by direct current of 200 u,A from serosa to mucosa in the 
presence of TTX, bumetanide and BaCl2. The lower curve is in the 
presence of forskolin. added at 10 min before start of current injection. 
At the arrow forskolin was added to the other sheets, (mean ± SE of 5 
experiments). 

change in resistance due to direct current passage from 
serosa to mucosa. The serosa-to-mucosa current in the 
absence of forskolin led to a resistance increase as shown 
in Fig. 5. Apparently, the presence of the blockers had 
no effect on this phenomenon. The presence of forskolin 
prevented the increase of the resistance, and application 
of forskolin at t = 12.5 min after starting the current 
passage, immediately decreased the resistance. Applica
tion of TTX and bumetanide during current passage was 
without effect on the resistance {not shown). The sup
pression by forskolin adds to the evidence for a reduction 
of the cation selectivity of the tight junctions by cAMP. 

The reduction in cation selectivity of the tight junc
tions combined with the cAMP dependent decrease of 
the transepithelial resistance in the presence of bu
metanide (Table 1), indicate that in rat ileum, a rise in 
intracellular cAMP can increase the Cl~ conductance in 
tight junctions. 

Figure 7 shows a comparison between the effects of 
forskolin and carbachol on the change of the resistance 
due to serosa-to-mucosa current passage. Carbachol 
could not prevent the current-induced increase in trans-

by blocking the basolateral K+ conductance with Ba2+. In comparing 
experiments with and without Ba2+, however, we have not found dif
ferences. The maximal relative resistance under control conditions after 
100 |juA serosa-to-mucosa current injection was 135 ± 5% and with 
Ba2+ 127 ± 5% (n = 8). 
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Table 2. CI fluxes and the effects of dBcAMP and bumetanide 
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Fig. 7. Comparison of the increase of the relative resistance (% from 
initiai resistance) induced by serosa-to-mucosa direct current with car
bachol (middle) or forskolin (right). Carbachol could not prevent the 
transport number effect. ( 100 p_A in control and carbachol experiments, 
200 p-A in the presence of forskolin mean ± SE of 8 experiments). 

epithelial resistance. Thus, it appears that the increase of 
the Cl~ conductance in tight junctions is a cAMP-related 
phenomenon. 

Effect ofcAMP on Ion Fluxes 

If cAMP can increase the Cl~ permeability of the tight 
junctions, one would expect that even in the presence of 
bumetanide the fluxes from serosa to mucosa and from 
mucosa to serosa should increase. Table 2 shows that in 
the presence of bumetanide cAMP can still increase the 
serosa-to-mucosa but also the mucosa-to-serosa flux. 
Without bumetanide, the addition of cAMP increased the 
serosa-to-mucosa flux and decreased the mucosa-to-
serosa flux. 

To test for the possibility that the paracellular so
dium permeability was changed, the serosa-to-mucosa 
Na+ flux was measured in another set of experiments. 
The control flux in the presence of bumetanide (19.1 ± 
1.3 (Jimol/cm2 • hr, n = 12) was not different from the 
flux in the presence of 8-Br-cAMP plus bumetanide 
(21.1 ± 1.0, M-mol/cm2 • hr, n = 12). 

J tn —> s 
p.mol/cm2 hr (n) 

J s —> m 
pmol/cm2 • hr 

Control 
AJ(dB-cAMP) 
AJ(bum + dB-cAMP) 

18.0 ±0.9 (19) 
-1.8 ±0.5 (12) 

1.5 ± 0.4 (7) 

13.9 ±0.9 (21) 
3.1 + 1.0(12) 
1.5 ± 0.5 (9) 

Control fluxes were calculated from samples taken at ƒ = 30 and t = 
40 min after start of experiment. dBcAMP or dBcAMP + bumetanide 
were added thereafter. Changes induced by these additions were cal
culated from samples taken at r = 50 and t = 60 min and compared 
to their respective control values. 

30' 
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Fig. 8. Change of the transepithelial conductance (mS/cm2) induced by 
8-Br-cAMP or forskolin in the absence or presence of bumetanide as a 
function of the initial resistance of the intestinal sheet. The slope of the 
regression lines of data without bumetanide (forskolin, open squares: 
1.37 ± 0.14. 8-Br-cAMP, open circles: 0.78 ± 0.15) differ significantly 
from zero (P < 0.001 ) and significantly from the slope of the regression 
line of data with bumetanide (0.14 ± 0.09) which is not different from 
zero. Note that in the presence of bumetanide (filled circles) the con
ductance always increases while without bumetanide (open symbols) 
the chance of an increase is much larger with larger initial resistances. 

THE EFFECT OF C A M P ON TRANSEPITHELIAL RESISTANCE 

VARIES BETWEEN PREPARATIONS 

Table 1, row 1 shows that the average effect of forskolin 
on the transepithelial resistance is an increase. However, 
when considering the individual experiments, it appeared 
that, depending on the initial resistance, the addition of 
forskolin or 8-Br-AMP either increased or decreased the 
conductance. (The application of forskolin or 8-Br-
cAMP in the presence of bumetanide always increased 
the conductance.) Figure 8 shows the relation between 
the forskolin and cAMP induced change in transepithe
lial conductance and the initial resistance. The slope of 

the regression line of data in the absence of bumetanide 
differs significantly from zero, whereas in the presence 
of bumetanide the deviation of the slope from zero is not 
significant. This suggests that the cAMP-induced col
lapse of the lateral spaces correlates with the initial re
sistance. We will argue in the discussion that the varia
tion in behavior of the preparations and initial resistance 
may be due to differences in the Na+ permeability of the 
tight junctions. This is corroborated by the observed ion 
selectivity of the tight junctions as determined from the 
mucosal dilution potentials. Figure 9 shows the relation 
between the dilution potential (mean 7.6 ± 0.3 mV, n = 
55) and the initial resistance (mean 22.5 ± 0.8 ohm • cm2, 
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Fig. 9. Relation between the change of diffusion potential induced by 
replacing 59 mm NaCl in the mucosal compartment with 118 mM 
mannitol (Dilution potential) and the initial resistance of the intestinal 
sheets. The slope of the line differs signficantly from zero (P < 0.005). 

n = 55). The results show that low resistances are as
sociated with large dilution potentials i.e., larger cation 
selectivity and vice versa. From the initial resistance and 
the dilution potentials the conductance of the tight junc
tion for Na+ 

SNiJj ) and CI" SCUj ) can be estimated. 
Figure 10 shows gN a ( / and gCUj as a function of the initial 
resistance. Apparently, the variation in transepithelial 
resistance results primarily from endogenous differences 
in Na+ permeability of the tight junctions. 

Similarly, analysis of the individual data of transport 
number effects upon serosa-to-mucosa current injection 
(Fig. 11) also reveals a correlation with the initial resis
tance; the lower resistances (larger cation selectivity) 
showing the larger transport number effects. 

Discussion 

THE MODULATION OF THE CI 

TIGHT JUNCTION 
CONDUCTANCE OF THE 

The principal findings in this study are that cAMP in rat 
ileum reduced the transepithelial potential evoked by se
rosal dilution of NaCl and prevented the increase of the 
resistance induced by passage of direct current from se
rosa to mucosa. Both findings can be interpreted as evi
dence that cAMP decreased the cation selectivity of the 
tight junctions. This interpretation is based on the as
sumption that (i) the properties of the leak pathway pre
dominate in the serosal dilution potential and that (ii) the 
increase of the transepithelial resistance by serosa-to-
mucosa current is due to the collapse of the lateral in-
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Fig. 10. Conductance of tight junctions (mS/cm2) for Na* and for C r 
vs. initial resistance of the epithelium. Slopes of regression lines are 
significantly different (P < 0.001). Cation selectivity decreased with 
resistance. For estimation of ion conductances see methods. 
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Fig. 11. Individual data showing the increase of the relative resistance 
caused by serosa-to-mucosa current passage. The negative slope of the 
regression line is significantly different from zero (P < 0.001). This 
suggests that transport number effects are smaller with larger initial 
resistance of the epithelium. (Data from experiments with 100 u,A 
serosa-to-mucosa current injection.) 

tercellular space by the transport number effect. Under 
the conditions that were used to measure the serosal di
lution potential, i.e., presence of K+ channel blocker plus 
bumetanide to prevent uptake of Cl~ and thereby the 
transcellular Cl~ transport, the first assumption seems 
valid. The second assumption was confirmed by the 
larger GEP during serosa to mucosa current passage. 
The observed increase of the GEP indicate that a path-
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way parallel to the villus epithelial cells had increased its 
resistance. In a leaky epithelium like rat ileum this in
dicates a resistance increase of the paracellular pathway 
by a collapse of the interspaces. This is because the dif
fering effect of serosa-to-mucosa current and the mu-
cosa-to-serosa current makes it inconceivable that the 
resistance increase is in tight junctions. (It should be 
pointed out here, that in rat ileum, under the conditions 
of these experiments, glucose does not increase the trans-
epithelial conductance (P.B. Bijlsma, unpublished obser
vations). This increase has been found in other intestinal 
preparations with differing experimental conditions [25]. 
Even if glucose can modulate the tight junctions in a way 
that could not be detected in our experiments it would 
not affect the conclusion that during current passage 
from serosa to mucosa the paracellular resistance is 
higher.) Therefore, it is concluded that both types of 
experimental conditions, i.e., serosal dilution potentials 
and transport number effects, which amplify the visibil
ity of changes in ion selective properties of the tight 
junctions, indicate that cAMP can reduce the cation se
lectivity of the tight junctions. 

The cation selectivity of the tight junctions may be 
reduced by a decrease of the Na+ conductance and/or by 
an increase of the CP conductance. From the results of 
the serosa-to-mucosa Na+ flux measurements we con
sider the first possibility less likely because the diffu-
sional flux in the presence of bumetanide appears to be 
unaffected by cAMP. This observation corroborates ear
lier results in rat small intestine [17] where it has been 
shown that the diffusional flux of Na+ was not affected 
by secretagogues. An increase of the conductance in the 
tight junction for CI", in combination with the decrease 
of the cellular resistance because of activation of the 
apical C r channels [1, 30] would lead one to expect to 
see a decrease of the transepithelial resistance. How
ever, secretion usually goes together with an increased 
transepithelial resistance. Apparently, this is not because 
of a decrease of the Na+ conductance in the tight junc
tions but is caused by the decrease of the diameter of the 
lateral intercellular spaces [8, 10, 18, 27]. We propose 
that the interspace collapses because of the depletion of 
NaCl caused by a faster uptake through the basolateral 
membrane than diffusion of NaCl into the interspace, as 
discussed in the next paragraph. By decreasing the up
take of NaCl through the basolateral membrane with bu
metanide the resistance-increase could indeed be re
versed to a decrease. 

From the combination of the results it is concluded 
that the most plausible explanation for the forskolin-
induced decrease in transepithelial resistance, as ob
served in the presence of bumetanide, is an increased 
conductance for CI" in the tight junctions as well as in 
the apical membranes. 

This correlates with the observation in filter-grown 

monolayers of T84 cells, a mammalian intestinal cell line, 
where it has been found that VIP, which activates ade
nylate cyclase, increased not only the secretory serosa-
to-mucosa flux but also the CI" flux from mucosa to 
serosa, suggesting an increase of the diffusional, para
cellular pathway in addition to the transcellular Cl~ se
cretion [9]. In HT-29cl.l9A cells (another model intes
tinal cell line), the conductance of the transcellular path
way can reach its maximum while the transepithelial 
conductance continues to increase. This suggests the 
modulation of the paracellular conductance with a larger 
time constant than the change in conductance of the api
cal membrane [1]. Thus, the cAMP mediated increase of 
the CP conductance in tight junctions seems to occur not 
only in fish intestine but also in rat ileum and human cell 
lines. 

The results demonstrate an interesting difference 
between the action of forskolin and carbachol. Carba-
chol is thought to activate multiple signaling effectors 
including Ca2+ and Protein kinase C [12] leading to 
an increased conductance of apical CP channels in 
HT29cl.l9A cells [2] and an increase of the NaCl secre
tion in rat ileum like with cAMP [17]. However, carba
chol did not change the ion selectivity of the tight junc
tions and did not decrease the transepithelial resistance in 
the presence of bumetanide. Thus, the modulation of ion 
selectivity of the tight junctions appears to be specific for 
cAMP. This is like in fish intestine, where it has been 
found that carbachol or the increase of cellular Ca2+ by 
ionomycin or activation of PKC by phorbol esters could 
not mimic the effect of cAMP on the tight junctions [3]. 

VARIATION IN BEHAVIOR OF INDIVIDUAL 

TISSUE PREPARATIONS 

To explain the correlation between the cAMP-induced 
change in conductance and the initial resistance of the 
tissue in the absence of bumetanide (Fig. 8), we will first 
illustrate how the collapse of the lateral spaces may re
sult from transcellular CP secretion. Figure 12 shows a 
simplified scheme of the ion movements during CP se
cretion in an open-circuited preparation. The combined 
result of the NaK2Cl cotransporter, the NaKpump and 
the K+ permeability in the basolateral membrane is the 
net transport of CP ions from the lateral spaces across 
the basolateral membrane and through the apical mem
brane into the lumen. This is equivalent to a transcellular 
mucosa-to-serosa direct current. In an open-circuited 
epithelium, this current must be compensated by an equal 
serosa-to-mucosa current, i.e., from the lateral spaces 
through the tight junctions to the lumen. The ion selec
tivity of the tight junctions determines the proportion of 
this current carried by Na+ ions moving from the spaces 
to the lumen, or by CP ions in the opposite direction. 
In other words, the ion selectivity of the tight junctions 
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Fig. 12. Schematic representation of the ion movements during Cl~ 
secretion under open-circuit condition. For clarity NaCl fluxes, dis
cussed in the text are shown in bold. 

determines the (partial) recycling of Cl~ ions, and thus 
the required inflow of NaCl from the serosal solution. 
When the supply of NaCl by diffusion or fluid movement 
is insufficient, the spaces will collapse. Therefore, the 
strength of the secretory transcellular current and the 
ion-selective properties of the tight junctions determine 
to a large extent whether transcellular Cl~ secretion will 
be accompanied by a partial collapse of the lateral spaces 
and thus by a decrease of the transepithelial conductance. 
In view of this mechanism, the observation shown in Fig. 
8, namely that application of cAMP to specimen with the 
lower initial resistances decreased the transepithelial 
conductance, suggests that the Na+ conductance and 
hence the cation selectivity of the tight junctions is still 
too high to allow sufficient Cl~ recycling—despite the 
increase of the Cl~ conductance in tight junctions—and 
to prevent a collapse of the lateral spaces. Further evi
dence for the role of the Na+ conductance of the tight 
junctions in the collapse of the interspace can be drawn 
from Holman et al. [18]. These authors have shown that 
theophylline induces a collapse of the intercellular space 
in rabbit ileum. However, no collapse was observed 
when the Na+ permeability in the tight junctions was 
reduced by 2,4,6-triaminopyrimidine [23]. 

The variation in dilution potentials (the larger dilu
tion potentials observed in the tissues with the lower 
initial resistance) and the transport number effect (the 
larger effect in tissues with the lower initial resistance) 
likewise indicates that the transport number for Na+ in 
the tight junctions is larger in tissues with the lower 
initial resistances. 

Thus, the three findings in tissues with lower initial 
transepithelial resistances: (i) that they have larger dilu
tion potentials (ii) that they show an increase of the re
sistance when forskolin was applied and (iii) that they 

show a larger increase of the resistance upon serosa-to-
mucosa current injection, appear to be based on the 
larger conductance of the tight junctions for Na+. 

The regulation of the ion selectivity of the tight junc
tions may be of physiological relevance to modulate salt 
and water transport through the paracellular pathway 
[15]. It may be of relevance to prevent a collapse of the 
lateral intercellular spaces when under open-circuit con
ditions like during sugar or amino acid uptake or during 
secretory activity in vivo a transepithelial current is flow
ing from serosa to mucosa, predominantly through the 
crypts [22] because of their lower paracellular resistance. 

In conclusion, the results show evidence that the ion 
selectivity of tight junctions in rat ileum is under control 
of a cAMP-related mechanism that can increase the Cl~ 
conductance in that structure. In contrast, carbachol 
could not increase the CT conductance in the tight junc
tions. (In a parallel study [6a] we report that carbachol, 
but not forskolin, can induce an increased uptake of in
tact protein from the mucosal side and an increased 
transepithelial transport of nonelectrolytes and of intact 
protein by, primarily, the paracellular route.) In addi
tion, the variation in Na+ conductance of the tight junc
tions may be evidence for the presence of an independent 
mechanism for the regulation of the Na+ conductance. 

We thank K. Dekker and Dr. W.P. Oosterhuis for their participation in 
the flux experiments. 
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Carbachol, but not forskolin, increases mucosal-to-serosal 
transport of intact protein in rat ileum in vitro 
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Bijlsma, P ie te r B., Amanda J. Kiliaan, Greet Scholten, 
Martine Heyman, Jack A. Groot, and Jan A. J. M. 
Taminiau. Carbachol, but not forskolin, increases mucosal-
to-serosal transport of intact protein in rat ileum in vitro. Am. 
J. Physiol. 271 (Gastrointest. Liver Physiol. 34): G147-G155, 
1996.—The effects of the secretagogues forskolin and carba
chol on protein uptake in isolated ileum of rats were studied. 
The mucosal-to-serosal transport of horseradish peroxidase 
(HRP, mol mass 40 kDa) was measured in Ussing chambers, 
and afterwards tissues were processed for electron micros
copy. In the absence of secretagogues, the flux of enzymati-
cally active HRP was 5 pmol-cm~2-h_1 at a mucosal concen
tration of 10 uM. Electron micrographs showed vesicles filled 
with active HRP in enterocytes but no HRP activity in 
intercellular spaces. Forskolin decreased HRP activity in the 
cells. Carbachol increased the amount of HRP-filled vesicles 
in enterocytes and induced HRP filling in some intercellular 
spaces and tight junctions in the upper parts of the villi. The 
transepithelial flux of intact HRP increased more than 2.5-
fold. This effect was suppressed by atropine. We conclude that 
cholinergic activation can increase the uptake of intact pro
tein via endocytosis and the transepithelial passage by the 
induction of a diffusional paracellular pathway. We speculate 
that the increased transport of intact protein through the 
intestinal barrier may influence immunologic sensitization to 
food allergens. 

protein permeability; tight junctions; fluid-phase endocytosis; 
allergy; carbachol 

THE INTESTINAL EPITHELIUM may absorb subs tances by 
means of endocytosis, as well as via carr ier -media ted 
and diffusional t r anspor t of nu t r i en t s a n d electrolytes. 
In general , th ree types of endocytotic up t ake a re recog
nized: 1) highly specific, receptor-mediated up t ake , 2) 
adsorptive endocytosis after binding of molecules to t he 
cell membrane , and 3) nonspecific fluid-phase endocyto
sis of substances dissolved in the extracel lular lumina l 
fluid. The last two types of endocytosis a r e considered 
to be re levant for t he up take and t ransfer of possible 
immunogenic food proteins (41). 

After up take , the bulk of the protein is t ransfer red to 
the lysosomal pa thway and degraded to amino acids 
and pept ide fragments , whose size m a y va ry depending 
on t he protein involved. A small b u t significant a m o u n t 
of the protein escapes lysosomal b reakdown and crosses 
the epi thel ium intact (30, 31 , 38). 

The in tes t inal absorpt ion of small a m o u n t s of immu
nogenic degradat ion fragments or in tac t prote in m a y 
induce immunologic sensit izat ion to dietary prote ins 
(see Refs. 9 and 19 for review). After t he development of 

sensi t izat ion to a protein, rechallenge may lead to a 
local anaphylact ic secretory response of the in tes t ine 
induced by m a s t cell degranula t ion (32). Released m a s t 
cell substances such as h i s tamine can act directly on 
epithelial cells, bu t they may also activate neurons in 
the submucosal plexus (5). In electrophysiological stud
ies of s tr ipped i leum from guinea pigs sensitized to 
cow's milk, t he Cl~ secretion elicited by rechallenge 
wi th ß-lactoglobulin can be reduced by the addition of 
tetrodotoxin (TTX), indicat ing neuronal involvement in 
the anaphylact ic secretory response (1, 2). In s tudies 
wi th sensitized guinea pigs and ra t s , rechallenge-
induced secretory responses are accompanied by a n 
increase in t ransepi the l ia l t r anspor t of macromolecules 
(18, 35). Nerves may be involved in th is phenomenon, 
as has been shown recently in the small intest ine of 
allergic r a t s (10). 

I t h a s been suggested t h a t the basic mechan ism 
essent ia l to secretion, namely, the secretagogue-stimu-
la ted increase of CI" conductance in the apical mem
brane , may be induced by incorporation of CI" channels 
by vesicle fusion (8, 13). The recapture of membrane 
mater ia l after vesicle fusion may lead to endocytotic 
up t ake of lumina l mater ia l . Taken together, these 
findings lead to the quest ion whether neurohumora l 
substances , known to cause a secretory response in 
in tes t ina l epi thel ium, can also modulate the t ransepi 
thel ial t r anspor t of food proteins in the intest ine. 

We studied the absorption of the model protein 
horseradish peroxidase (HRP) in str ipped r a t i leum 
mounted in Ussing chambers . As secretagogues we 
used forskolin, a direct act ivator of adenylyl cyclase, 
which induces CI" secretion by s t imula t ing adenosine 
3',5'-cyclic monophosphate (cAMP)-dependent prote in 
k inase A (PKA), and carbachol, a cholinergic agonist 
t h a t causes CI" secretion by increasing intracel lular 
Ca 2 + and activation of protein k inase C (PKC) (3). TTX 
was applied to reduce t he effect of neuronal activation 
(unpublished observations, P. B. Bijlsma, R. Bakker, 
and J. A. Groot). In t he course of th is s tudy we also 
observed t h a t t he d iamete r of t he la tera l intercel lular 
spaces may affect t he t ransepi thel ia l flux of HRP. 
Because application of secretagogues appeared to re
duce the d iamete r of the la tera l intercellular spaces, we 
prevented secretagogue-induced obstruction of the para
cellular pa thway by adding bumetan ide and Ba 2 + (un
published observations, Bijlsma et al.). The resul t s of 
t h e present s tudy indicate t h a t carbachol, bu t not 
forskolin, can increase t he mucosal-to-serosal t r a n s -
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port of HRP. The possible consequences for sensitiza
tion to food proteins a r e discussed. 

METHODS 

Electrophysiological measurements. Female Wistar rats 
(200-300 g) were anesthetized by intraperitoneal injection of 
pentobarbital sodium (60 mg/kg). A midline abdominal ven
tral incision was made, and segments of distal ileum were 
ligated, incised next to the ligatures, and rinsed with Ringer 
solution to remove intestinal contents. After the blood supply 
to the segment was ligated, the segment was removed and 
stripped of muscle layers, and flat sheets of tissue were 
mounted in tissue holders described elsewhere in detail (17). 
The time between cutoff of blood supply and mounting of 
tissue holders in the Ussing chambers was less than 2 min. 
The exposed area of intestine was 0.2 cm2 and was free of 
Peyer's patches. Both sides of the epithelium were perfused 
with Ringer solution and gassed with humidified 5% C02-95% 
02 . Solutions were maintained at 37°C with water jackets 
and recirculated (total volume 3 ml on either side) with a 
polystaltic pump. Transepithelial potential difference was 
measured using Ag-AgCl electrodes connected to the perfu
sion medium by Ringer-agar bridges. The tips were placed at 
less than 1 mm from the epithelium in the middle of the 
exposed area. The resistance was calculated from voltage 
deflections evoked by bipolar current injections of 10 uA 
through platinum electrodes placed 2 cm from the epithelium, 
and is given as conductance in millisiemens per square 
centimeter, i.e., the reciprocal of the resistance. Corrections 
were made for the resistance of the perfusion solutions and 
for potential differences between Ag-AgCl electrodes. The 
input resistance of the amplifiers was higher than 109 il. 

Flux measurements. After a 15-min equilibration period, 
HRP (type VT, Sigma, St. Louis, MO) dissolved in Ringer 
solution was added mucosally to a final concentration of 10~5 

M. Serosal samples of 125 or 225 pi were taken every 15 min 
and replaced by oxygenated Ringer. The appearance of HRP 
in the serosal bath was measured enzymatically as described 
previously (20). In short, a 0.1-ml sample of test solution was 
mixed with 1.4 ml phosphate buffer (0.1 M, pH 6.0) containing 
0.003% H202 and 0.009% o-dianisidine di-HCl. The linear, 
HRP concentration-dependent rate of increase in optical 
absorption at 460 nm was determined with an Eppendorf 
photometer (Eppendorf, Hamburg, Germany). In some of the 
experiments 2 uCi [14C]mannitol and 10 uCi [3H]polyethylene 
glycol-4000 (PEG-4000), adjusted to a final concentration of 
10~5 M with "cold" probe, were added together with HRP. 
Serosal 15-min samples of 100 ul were mixed with 10 ml of 
scintillation fluid (Lumogold, Packard, Meriden, CT) and 
counted in a scintillation counter (Packard 460). 

Electron microscopy. Ileal sheets of intestine, stripped free 
from muscle layers, were mounted in Ussing chambers. After 
a 15-min equilibration period (bumetanide, BaCl2, and TTX 
were added 5 min later), the epithelia were exposed for 5,10, 
30, and 60 min to mucosal HRP (10~5 M) in the absence or 
presence of serosal carbachol (10~5 M). The tissue was fixed in 
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 
7.4) for 2 h at room temperature and rinsed overnight (4°C) in 
0.1 M sodium cacodylate buffer (pH 7.4) and three times for 5 
min each in 0.05 M tris(hydroxymethyl)aminomethane (Tris) 
buffer (pH 7.6). Peroxidase activity was histochemically 
demonstrated using the method of Graham and Karnovsky 
(14). The tissue was preincubated for 15 min in 5 mg 
diaminobenzidine in 10 ml 0.05 M Tris buffer (pH 7.6, 22°C) 
and subsequently incubated for 15 min in the same buffer 
containing 0.01% H202 . Tissues were then processed for 
routine electron microscopy. Orientation of the tissue was 

such that villus cells were cut longitudinally. The amount of 
endocytosed, intact HRP was semiquantified by counting the 
number of HRP product-filled endosomes in an apical area of 
6 X 4 urn just beneath the brush border membrane and by 
measuring their diameter. Seven randomly selected photo
graphs from the upper one-half of each villus per experimen
tal condition and per animal were processed by personnel 
ignorant of the experimental history of the material. 

All additions of secretagogues and inhibitors were made to 
the serosal side. Sample replacement was done with equal 
concentrations. Forskolin was dissolved in ethanol, bu
metanide in methanol, and TTX in Ringer solution; all other 
compounds used were dissolved in water. The final concentra
tions of ethanol and methanol were 0.1%. This concentration 
was without detectable effect on all measured parameters. 
Replacement of the mucosal perfusate by a hypertonic solu
tion (Ringer solution containing 200 mM mannitol) was 
performed while HRP and ion concentrations were kept 
constant. During all additions, replacements, and sampling, 
hydrostatic pressure was constant. 

The Ringer composition was (in mM) 117.5 NaCl, 5.7 KCl, 
25 NaHC03 , 1.2 NaH2P04 , 2.5 CaCl2, 1.2 MgS04, and 5 
inosine. After carbogenation, the pH was 7.3 and the osmolal
ity 290 mosmol/kg. The final concentrations of the inhibitors 
were bumetanide, 10 - 4 M, BaCl2, 10~3 M, TTX and atropine 
sulfate, 10~6 M. Statistical significance was tested by Mann-
Whitney [/-test or by unpaired Student's i-test as indicated. 

All chemicals were obtained from Sigma or Merck (Darm
stadt, Germany) except for [14C]mannitol (Amersham, Little 
Chalfont, UK), [3H]PEG-4000 (New England Nuclear), and 
bumetanide, which was a gift of Leo Pharmaceutical Products 
(Ballerup, Denmark). 

Experiments were approved by the local welfare committee 
for animal experiments. 

RESULTS 

Relation of transepithelial conductance and HRP 
flux. In t he first series of exper iments we examined the 
re la t ionship be tween the mucosal-to-serosal flux of 
intact H R P and the spontaneous t ransepi thel ia l conduc
tance of t he t issue. Because all H R P in th is s tudy was 
detected enzymatically, all da ta concern the flux of the 
in tact protein. In 18 t issues from 15 animals , fluxes 
reached a s teady-s ta te level 7 5 - 9 0 min after mucosal 
application of H R P (Fig. 1). The m e a n flux in t he period 
be tween 75 a n d 90 min was 4.6 ± 0.8 pmol . cm~ 2 -h _ 1 

w i t h l a rge ind iv idua l va r i a t i ons ( range 1.9-11.9 
p m o l c m " 2 - h _ 1 ) . Dur ing the flux exper iments t he tis
sues were kep t in good condition, as judged from the 
s teady-s ta te manni to l flux (171 ± 30 pmol . cm~ 2 -h _ 1 

from 30 to 90 min and 152 ± 26 pmol • c m 2 • h " 1 from 90 
to 150 min , n = 9) and PEG-4000 flux (32 ± 5 pmol-
c m ^ - h 1 from 30 to 90 min and 28 ± 4 p m o l - c m ^ - h " 1 

from 90 to 150 min, n = 9), the t ransepi thel ia l conduc
tance (54 ± 7 mS/cm2 a t 75 min and 60 ± 6 mS/cm2 at 
150 min , n = 9), and glucose-evoked potent ials a t the 
end of t he exper imenta l period (3.5 ± 0.4 mV, i.e., 
equivalent short-circuit current , 213 ± 31 uA/cm2, 28 
m M glucose, n = 9). There appeared to be no correlation 
be tween fluxes and the spontaneous conductance a t 
any flux period (r = 0.06 a t n = 22; l inear regression). 

In co lumnar epi thel ium most of t he basola tera l mem
b r a n e gives access to the la tera l intercel lular space. 
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Fig. 1. Time course of horseradish peroxidase (HRP) flux from 
mucosa to serosa after mucosal addition (10~5 M) at time 0. Values 
are means ± SE (n = 18). Flux was calculated from increment in HRP 
enzymatic activity in serosal bath in 15-min periods preceding time 
(t) indicated on x-axis. Flux reached a steady-state value at ~90 min 
and remained stable during the next 60 min. 

Therefore it was of interest to study the effects of an 
experimental decrease of the lateral intercellular space 
diameter on HRP flux. Because the transepithelial 
conductance in a leaky epithelium is mainly deter
mined by the conductance of the tight junction in series 
with the conductance of the lateral intercellular space, 
a collapse of the lateral intercellular space can be 
observed from the decrease of transepithelial conduc
tance. The addition of a mucosal solution made hyperos
motic with mannitol causes a transient collapse of the 
lateral intercellular space by removing water (6, 29, 
36). As shown in Table 1, the application of a hyperos
motic solution (Ringer + 200 mM mannitol) at 60 min 
caused a transient decrease in conductance at 90-105 
min, concomitant with a transient decrease in HRP flux 
compared with control experiments. Thus changes in 
the diameter of the lateral intercellular spaces may 
influence the HRP flux. 

Effects ofcarbachol on HRP flux. The effect of adding 
carbachol to the serosal compartment is shown in Figs. 
2 and 3. To compensate for the rather large variation 
between animals in basal HRP transport in this set of 
experiments, the fluxes were normalized to the flux in 
the 75-90 min period. TTX (10~6 M) was added to 
minimize cholinergic induction of neuronal activity. We 
observed a tendency of the HRP flux to increase after 

0\ 

•A 400 -
•n 
.2 300 

o 

300 -

'InrirMfl 
90 105 120 135 150 

t ( m i n ) 

Fig. 2. Effect of carbachol addition at 90 min on relative HRP flux 
from mucosa to serosa. Fluxes, calculated as in Fig. 1, were normal
ized to compensate for individual variations. Open bars, normalized 
flux through control tissue in = 5); solid bars, flux through tissues 
that were stimulated at 90 min by addition of carbachol (10~5 M) to 
serosal bath (n = 6). Absolute value of flux in 75-90 min period was 
6.7 ± 1.3 (n = 11) p m o l c m " 2 h _ 1 . Flux in presence ofcarbachol did 
not reach a significantly larger value with respect to control, except at 
( = 150 min (P < 0.05, Mann-Whitney U-test). Tetrodotoxin (TTX; 
10~6 M) was added serosally at t = 85 min in all experiments. 

carbachol addition (Fig. 2), but in these experiments 
the effect was statistically insignificant. 

Carbachol and forskolin usually induced a decrease 
of tissue conductance (unpublished observations, Bijl-
sma et al.), presumably by decreasing the width of the 
lateral intercellular spaces (12,23). This decrease could 
be prevented by bumetanide, which blocks the epithe
lial uptake of Cl~ from the lateral intercellular spaces. 
Blocking the basolateral K+ channels with Ba2+ mini
mizes the efflux of CI" from the cells to the lumen and 
hence cell volume changes. To prevent a possible inter
action of these changes in the examination of effects of 
carbachol and forskolin on HRP transport, bumetanide 
and BaCl2 were applied together with TTX in all 
subsequent experiments. In a parallel study (unpub
lished observations, Bijlsma et al.) we have shown that 
the decrease of the conductance that is usually induced 
by forskolin or carbachol was respectively reversed into 
an increase or could be prevented by these blockers. 
Compared with the experiments in the absence of 
bumetanide and Ba2+, carbachol induced a signifi
cantly larger rise in HRP flux when the inhibitors were 

Table 1. Effect of mucosal hyperosmolarity on transepithelial conductance and HRP flux 
from mucosa to serosa in parallel experiments 

G, mS/cm2 
HRP Flux, 

pmol-cm_2-h_1 

Time, min: 60-75 90-105 105-120 60-75 90-105 105-120 n 

Control 
Experimental 
P 

51 ± 5 
49 ± 3 

NS 

5 7 ± 7 
4 2 ± 2 
<0.05 

5 8 ± 7 
5 1 ± 5 

NS 

4.9 ±0.8 
4.2 ±1.6 

NS 

6.3 ±1.2 
2.7±1.1 

<0.05 

8.3 ±1.6 
11.4 ±2.9 

NS 

5 
5 

Values are means ± SE. Hyperosmolarity was induced by addition of 200 mM mannitol to the mucosal bath at time (0 = 75 min. There was no 
significant difference (NS) in conductance and the horseradish peroxidase (HRP) flux between control and experimental tissues just before 
mannitol addition (60-75 min period). Hyperosmolarity induced a transient decrease in conductance and HRP flux, significantly different 
from control values in 90-105 min period (P < 0.05; Mann-Whitney U-test). 
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Fig. 3. Effect of carbachol addition (10~5 M) at 90 min on relative 
HRP flux from mucosa to serosa in presence of bumetanide and Ba2+ 

in serosal bath to block secretion. Flux in presence of carbachol (solid 
bars; n — 5) differed significantly from control (open bars; n — 4) at 
t = 120, 135, and 150 min (P < 0.05, Mann-Whitney U-test). In 
presence of 10~6 M atropine + carbachol (hatched bars, n = 3), HRP 
flux was not significantly different from control. Absolute value of flux 
in 75-90 min period was 7.1 ± 1.9 (n = 12)pmol-cmr2-h - 1 . Atropine, 
TTX (10"6 M), bumetanide (10-" M), and BaCl2 (10~3 M) were added 
serosally at t = 85 min in all experiments. 

present (Fig. 3). Atropine reduced the carbachol-
induced increase of the HRP flux. In the concentration 
used (10~6 M) it selectively blocks muscarinic receptors. 

Comparison of the effects of forskolin and carbachol 
on HRP flux. In paired experiments (3 tissues per 
animal, n = 8), the effects of forskolin and carbachol 
compared with controls were studied. Figure 4 shows 
the time course of the HRP flux. Carbachol induced a 
significant increase in HRP transport compared with 
both time-matched controls and preaddition values at 
all sampling periods after 120 min. The effect of 
forskolin was statistically insignificant. 
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Fig. 4. Comparison of HRP flux from mucosa to serosa in presence of 
carbachol or forskolin. At t — 90 min, 10"5 M carbachol (solid bars; 
n = 8) or 10~5 M forskolin (hatched bars; n = 7) was added to serosal 
side. Open bars (n = 9) are control values. TTX (10~6 M), bumetanide 
(10~4 M), and BaCl2 (lO"3 M) were added serosally at t = 85 min in all 
experiments. Fluxes in presence of carbachol at t = 135,150, and 165 
min are significantly enhanced compared with both control flux and 
flux at t = 75-90 min, before carbachol addition (P < 0.05, Mann-
Whitney U-test). Forskolin did not induce an increase of HRP flux. 

During the 45-min period in which the carbachol-
induced effect on HRP permeability was evident, man-
nitol and PEG-4000 fluxes were also augmented by this 
cholinergic agent (Table 2). Forskolin did not affect the 
fluxes of mannitol and PEG-4000. 

Electron microscopy. The electron micrographs pro
vided further evidence for the enhancement of the HRP 
flux by carbachol. Epithelia were exposed for 5, 10, 30, 
or 60 min to mucosal HRP in the absence or presence of 
carbachol or forskolin (5, 10, 30 min). The number and 
diameter of endosomes filled with HRP product in 
windows with an area of 6 X 4 urn were counted and 
measured. Table 3 summarizes the means of the total 
diameters of HRP product-filled endosomes per apical 
area in villus and crypt cells. This value depends on the 
number and the diameter of the endosomes and is used 
here as an index for the resulting amount of intact HRP 
that had initially been taken up by endocytotic activity 
before lysosomal degradation. With the assumption 
that the rate of degradation is not affected by the 
secretagogues, an increased amount of HRP compared 
with timed controls suggests an increase of endocytotic 
activity, and a decreased amount indicates an inhibi
tion of endocytosis. 

The villus and crypt epithelial cells of the control 
tissues showed endosomes with HRP activity. No HRP 
reaction product could be detected in the lateral inter
cellular space. HRP activity in the lamina propria was 
detected at 60 min, but the number of HRP-stained 
spots was very small. The amount of intact HRP in the 
apical region of the epithelial cells appears to reach 
steady state at ~30 min. In the basal one-half of the 
cells no HRP activity could be found at 5 and 10 min, 
and at 30 and 60 min the mean of the sum of diameters 
of HRP product-filled endosomes per 24 urn2 in villus 
enterocytes was 70 ± 32 and 69 ± 33 run (n = 30), 
respectively. These values are —25% of the activity in 
the apical region, demonstrating the degradation of 
HRP during transcytosis or the recycling of HRP-filled 
endosomes to the lumen. 

Table 2. Comparison of carbachol and forskolin effects 
on probe fluxes att = 120-165 min 

n 
Mannitol Flux, 
pmol-cm-2-h-1 

PEG-4000 
Flux, 

pmol-cm~2-h 
HRP Flux, 

1 pmol-cm"2-h_1 

Control 
Forskolin 
Carbachol 
Flux incrementt 

9 
7 
8 
8 

124.2 ±24.5 
169.8 ±31.3 
215.9 ±24.9* 

91.7 ±20.9 

21.9±4.1 
23.2 ±4.3 
34.2 ±3.3* 
12.3 ±2.6 

3.16 ±0.54 
3.78 ±0.66 
8.06 ±2.79* 
4.90 ±1.89 

Flux Increment Ratio 
(dimensionless, n = 8) 

HRP/Mannitol HEP/PEG PEG/Mannitol 

0.053 ±0.024 0.398 ±0.175 0.134 ±0.042 

Values are means ± SE. tCarbachol vs. control, standard error 
calculated by relative error analysis. * Significantly different from 
control P < 0.05 (two-tailed Mann-Whitney t7-test). Drugs were 
added as given in the legend of Fig. 3. For a quantitative comparison 
of all probe fluxes in this period the three 15-min samples were pooled 
to one value per tissue, before statistical testing was performed. 
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Table 3. Mean sum of diameters (nm) of HRP 
product-filled endosomes per apical area of 24 /xm2 

Time, min Control Carbachol Forskolin 

Villi 

5 
10 
30 
60 

56 ±22 (21) 
101 ± 3 1 (21) 
284±81t±(21) 
200 ±50 (21) 

140 ±46 (21) 
241±47*t(21) 
510±87*t±(21) 
290±81t t (21) 

Crypts 

104 ±43 (21) 
53 ±10 (21) 
67 ±24* (21) 

ND 

10 
30 
60 

85 ±24 (24) 
48 ± 2 1 (21) 
78 ±34 (17) 

142 ±50 (24) 
237 ± 117* (9) 
301 ±145 (10) 

89 ±44 (12) 
42 ±17 (13) 

ND 

Values are means ± SE. P < 0.05 *compared with control at the 
same time, t compared with values at t = 5 min, ± compared with 
values at previous time (Mann-Whitney U-teat). Number of areas 
(from 3 animals) given in parentheses. 

In the presence of carbachol the amount of intact 
HRP in the apical region was much larger (Table 3). It 
appeared to reach a peak at —30 min and then tended 
to decrease to the control level. Figure 5 shows the 
number of endosomes at the different times and experi
mental conditions. It appeared that the difference between 
control and carbachol-treated tissue developed in the first 
10 min. In the basal region of the cells the mean of the sum 
of diameters was negligible at 5 and 10 min, 430 ± 130 
nm at 30 min, and 109 ± 38 at 60 min. The values for 
control (70 ± 32 nm) and carbachol-treated tissue are 
statistically different (P < 0.05) at 30 min. In the 
presence of forskolin the number of HRP product-filled 
endosomes and the total amount of endocytosed HRP in 
the apical region were reduced (Table 3). 

In the presence of carbachol, HRP activity became 
visible in the lateral intercellular spaces of the villi 
after 30 min of incubation. After 60 min in four of six 
tissues from three animals, the whole length of some 
lateral intercellular spaces was filled with HRP (Fig. 
6A), and a large amount of HRP activity could be seen 
in the lamina propria. Occasionally HRP activity could 

100 
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time (min) 

Fig. 5. Time course of increase in total number of endosomes filled 
with HRP product in 21 apical areas of villus cells of 3 rats. O, 
Control; • , carbachol; D, forskolin. 

be found throughout the entire tight junction of villus 
epithelial cells (Fig. 6B), whereas in control tissue no 
HRP could be demonstrated in the tight junctions (Fig. 
6C). Serial sections of the whole exposed areas of 0.2 
cm2 showed a notable regional variation in HRP activ
ity in the presence of carbachol (60 min exposed to 
HRP): some epithelial cells of the villi showed only 
staining in endosomes, some showed prominent stain
ing of the lateral intercellular space, and others showed 
staining in both endosomes and the lateral intercellu
lar space. 

Figure 6D and Fig. QE are typical electron micro
graphs of apical regions of villus cells at 10 min after 
HRP addition, showing the HRP product-filled endo
somes. The number and diameter of endosomes is 
larger in Fig. QD (carbachol-treated tissue) than in Fig. 
QE (control tissue). The crypt cells of carbachol-treated 
sheets also showed more endosomes with HRP activity 
compared with control tissue (Table 3). The total amount 
of HRP product, however, was smaller than in the villi, 
and no HRP product could be found in the lateral 
intercellular space. 

DISCUSSION 

The time course and steady-state values of the con
trol flux of HRP as observed in the present study are 
comparable to flux values obtained from in vitro studies 
of rabbit, guinea pig, and human small intestine (18, 
20, 22). Moreover, the electron micrographs showing 
the reaction products of HRP activity in both control 
and experimental tissue in our study confirm earlier 
observations of endocytosis of macromolecules in rat 
intestine (40). The new results are that carbachol, a 
Ca2+- and PKC-related secretagogue, but not forskolin, 
a cAMP-related secretagogue, can increase the lumen-
to-tissue transport of HRP and, by inference, the 
transepithelial transport of intact proteins of similar 
molecular mass. The carbachol-induced increase of 
mucosal-to-serosal HRP flux occurred in the presence of 
TTX and was suppressed by the addition of atropine. 
This suggests that the enhancement of the permeabil
ity to HRP is caused by a direct action of carbachol on 
muscarinic receptors on the enterocytes. The results 
give direct support for the conclusion, drawn from 
effects of TTX (10), that the enteric nerves can modu
late the uptake of macromolecules from the intestinal 
lumen. 

Two mechanisms appear to be involved in the in
creased transepithelial transport: an increment of trans-
cytosis and increased paracellular permeability. The 
electron micrographs of carbachol-exposed tissue sug
gest an increase in endocytotic uptake of HRP The 
increased amount of HRP in the apical region partially 
escapes lysosomal breakdown as judged from the in
creased amount seen in the basal region at 30 min in 
carbachol-exposed tissue. It remains to be studied 
whether the carbachol-induced increase in endocytosis 
is related to its effect on CI" secretion (3). It has been 
hypothesized (4, 16) that activation of Cl~ secretion by 
agents that enhance cytosolic Ca2+ or PKC may involve 
insertion of CI" channel proteins into the apical mem-
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Fig. 6. A: rat ileal villus epithelium after 60-min exposure to HRP 
on mucosal side and carbachol on serosal side. Few endosomes 
(shown by arrowheads) are found apically, and dense staining of 
HRP reaction product is shown throughout the paracellular space 
(X6,300). LP, liposome. B: tight junction (arrows) between 2 villus 
epithelial cells exposed for 60 min to mucosal HRP and serosal 
carbachol. HRP reaction product is present throughout tight junc
tion and lateral intercellular space (X59,200). C: tight junction 
between 2 villus epithelial cells exposed for 60 min to mucosal HRP. 
No HRP activity is present in the lateral intercellular space or in the 
tight junction (X59,200). D and E: rat ileal villus epithelia at 10 min 
after mucosal HRP addition. Endosomes filled with densely staining 
HRP product in carbachol-exposed tissue CD) exceed in number and 
diameter the endosomes in control tissue (E; X 14,700). 
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brane by vesicle fusion, lb recover the surface area, this 
is followed by an endocytotic retrieval of membrane 
material. Presumably,"the latter step can account for 
the observed increase in endocytotic uptake of HRP. In 
contrast, forskolin- and cAMP-induced Cl~ secretion 
appeared to be mediated predominantly by activation 
of Cl~ channels that are resident in the cell membrane, 
and not primarily by insertion of Cl~ channel proteins 
into the apical membrane (11, 16). Although Bradbury 
and Bridges (8) found activation of exocytosis by forsko
lin, they observed depression of endocytosis in T84 cells 
as in the present study with rat ileum. 

The carbachol-induced filling of the lateral intercellu
lar space with products of HRP activity may be ex
plained by two mechanisms: exocytosis of HRP via the 
lateral membranes or diffusion of HRP through the 
tight junctions. Evidence for involvement of the second 
mechanism was found by careful scanning of tight 
junctions in serial sections, which showed HRP activity 
in some tight junctions located in the upper parts of the 
villi (Fig. 6B). This indicates that carbachol may also 
induce paracellular diffusion of HRP by increasing the 
permeability at distinct locations within the tight junc
tions. Moreover, the difference in the increase of manni-
tol and PEG-4000 fluxes by carbachol (91.7 ± 20.9 and 
12.3 ± 2.59 p m o l - c m ^ h 1 , respectively; Table 2) 
strongly suggests the involvement of the paracellular 
diffusional pathway. An increase in endocytotic uptake 
would have increased the fluxes of these two nondegrad-
able probes with an equal absolute amount because the 
mucosal concentrations were alike. Probe diffusion 
through nonrestrictive pores is approximately related 
inversely to the square root of their molecular weight 
(37). Thus theoretical diffusion ratios through such 
pores for HRP/mannitol, HRP/PEG-4000, and PEG-
4000/mannitol would be 0.067,0.316, and 0.213, respec
tively. In the presence of carbachol the ratios of the flux 
increments were 0.053 ± 0.024, 0.398 ± 0.175, and 
0.134 ± 0.042, respectively (Table 2), not significantly 
different from theoretical values (f-test). The similar 
range of expected and measured values again suggests 
that the increase in HRP permeability is mainly caused 
by the induction of large pores in the tight junctions. 
We speculate that carbachol induced a fusion of smaller 
pores to one with a larger diameter, allowing the 
passage of HRP. It is not clear why the increased 
permeability does not occur in all tight junctions. 

In a previous electron microscopic study, Phillips et 
al. (33) showed that subcutaneous injection of carba
chol can increase crypt tight junctional staining by 
intravenously injected HRP in rat ileum in vivo, suggest
ing increased permeability of tight junctions for HRP 
transport from blood to lumen. However, in their in vivo 
experiments an increased mucosal-to-serosal transport 
could not be detected upon luminal application of HRP. 
Phillips and co-workers (33) attributed this asymmetry 
to carbachol-induced water secretion and mucus produc
tion, which thus prevented HRP from reaching the 
mucosal membrane. Although the increase of the blood-
to-lumen transport of HRP induced by the systemic 
injection of carbachol may be influenced by numerous 

indirect effects of this cholinergic agent in these in vivo 
experiments, our in vitro data support their original 
suggestion for an increased permeability of the epithe
lial layer. In our in vitro experiments, the drug-induced 
neural activation and the secretion of CI" and water 
were minimized. Under these conditions an increased 
endocytotic uptake of HRP could be detected in crypt 
cells as well as in villus cells, indicating substantial 
access of protein to the entire apical membrane surface. 

Recently, Rimm et al. (24) showed a suppression of 
the mucosal-to-serosal transport of intact bovine serum 
albumin (BSA) by atropine and by TTX in rat jejunum 
in vitro. Addition of the cholinergic agonist bethanechol 
did not increase BSA transport, which the authors 
attribute to an already high endogenous neural activity 
in their preparation. Also, in in vivo perfused rabbit 
jejunum the intraluminal leakage of serum albumin 
can be increased by vagal stimulation or intraperito
neal bethanechol administration (15), indicating the 
interspecies similarity of the effect of cholinergic agents 
on intestinal macromolecular permeability. An en
hanced tight junctional permeability to HRP by agents 
that raise cellular Ca2+ and/or activate PKC [hista
mine, methacholine (7), carbachol (26), 2,5-di-(tert-
butyl)-l,4-benzohydroquinone (27), vasopressin, epi
nephrine, and angiotensin II (28)] has been shown to 
occur in some other epithelial tissues as well, e.g., 
tracheal epithelium of guinea pig (7), rat liver (27, 28), 
and rabbit exocrine pancreas (26). Thus it appears that 
the regulation of tight junctional permeability to macro-
molecules by intracellular Ca2+ and/or PKC may be a 
general phenomenon. 

The lateral intercellular space is a common part of 
the transepithelial transport route, whether HRP per
meates predominantly via the tight junctions or is 
taken up via endocytosis. Our experiments with short-
term mucosal exposure to hypertonic solutions stress 
the importance of the diameter of the lateral intercellu
lar space in HRP transport. The observed transient 
decrease of the conductance and electron microscopy 
studies in guinea pig intestine (29) and rabbit (36) and 
frog gallbladder (6) indicates that the lateral intercellu
lar spaces collapse under luminal hyperosmotic condi
tions. Changes in the diameter of the lateral intercellu
lar space also occur during the secretory response 
elicited by increased cAMP (12, 23), and the addition of 
forskolin or carbachol usually causes a decrease in 
transepithelial conductance of rat ileum (unpublished 
observations, Bijlsma et al.) and rabbit ileum (23, 34). 
Thus the collapse of the lateral intercellular space may 
mask the endocytotic and tight junctional effects of the 
secretagogues on HRP flux. This is illustrated by our 
finding that with blockade of basolaterally located 
Na+-K+-2C1" cotransporters, which prevented the elec
trolyte and water depletion of the lateral intercellular 
space, the carbachol-induced increase of the transepi
thelial HRP flux was much larger (Figs. 2 and 3). 

In contrast to the effect of carbachol, forskolin did not 
enhance mucosal-to-serosal HRP flux, confirming the 
earlier finding in in vitro rabbit jejunum (21). Forskolin 
decreases endocytosis in the human colon carcinoma 
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cell lines T84 (8) and HT-29 (16). Our observation that 
forskolin reduces the endocytotic uptake of HRP in rat 
ileum corroborates these findings. This reduction is not 
reflected in a decreased HRP flux. This may indicate 
that most of the HRP-filled endosomes recycle to the 
apical membrane domain under control as well as 
experimental conditions. In addition, we have shown in 
a parallel study (unpublished observations, Bijlsma et 
al.) that forskolin can have a significant effect on 
transepithelial conductance. The increase of the conduc
tance after the forskolin-induced increase of cAMP in 
the presence of TTX, bumetanide, and Ba2+ appeared to 
be caused mainly by an increase of the anionic conduc
tance in the tight junctions. One conclusion of impor
tance in experimental work is that an increase of 
transepithelial conductance does not necessarily testify 
to increased nonelectrolyte- or macromolecular perme
ability of the epithelium. 

The increased intestinal permeability to proteins 
induced by secretagogues that activate intracellular 
messengers such as Ca2+ or PKC may be related to 
increased sensitization and allergic reactions to dietary 
proteins (1, 2, 18) induced by anaphylactic secretory 
responses. The anaphylaxis-induced broadening of re
sponses may also apply to human intestine. In jejunal 
biopsies of infants with cow's milk allergy (CMA), an 
enhanced absorption of luminal proteins occurs (22), 
and milk rechallenge in patients with CMA caused an 
immune response to intraluminal proteins not related 
to cow's milk (39). Finally, the results may suggest a 
possible explanation for the observation in pediatric 
gastroenterology that diarrhea may induce food allergy 
(9, 21, 25). We speculate that the cAMP -induced secre
tion does not correlate with sensitization to food pro
teins, whereas Ca2+ and PKC-related diarrhea may 
increase the transepithelial passage of immunogenic 
substances. 
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ABSTRACT 

It has been shown in isolated rat ileum that carbachol, via the muscarinic receptor, 

induced an increase of the permeability for macromolecules via the paracellular 

pathway. Increased horseradish peroxidase (HRP) transport through intestinal tissue 

from cow's milk sensitized guinea pigs after in vitro challenge with ß-lactoglobulin 

has been documented as well. 

The aim of the present study was to determine whether carbachol could also increase 

permeability for HRP in isolated small intestine of the guinea pig and if so, whether 

the presence of carbachol could increase the effects of sensitizing antigens at the 

mucosal side of sensitized intestinal tissue. Furthermore we asked whether the effects 

of carbachol and antigen challenge on macromolecular permeability could be 

cumulative. We used isolated and stripped jejunum of guinea pigs that were i.p. 

sensitized for cow's milk and in vitro challenge at the mucosal or serosal side with ß-

lactoglobulin with or without previous activation with serosally added carbachol. We 

measured the transepithelial short circuit current, the conductance and the flux of 

enzymatically active HRP taken as a bystander protein. We found that carbachol can 

increase the permeability for HRP in guinea pig small intestine by increasing 

paracellular permeability and endosomal uptake. Application of ß-lactoglobulin also 

activated these pathways. No additive effect was found for carbachol (10"4 M) and ß-

lactoglobulin (0.4 mg/ml) at the used concentrations. 

We conclude that the epithelium of the isolated guinea pigs jejunum is spontaneously 

activated by endogenous release of acetylcholine, leading to increased transepithelial 

permeability for macromolecules and increased short circuit current. We suggest that 

this high cholinergic tonus may underly the susceptibility of guinea pigs to oral 

sensitization for food allergens. 
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INTRODUCTION 

The guinea pig is frequently used as an animal model in studies concerning food 

allergy, in particular cow's milk allergy, since its introduction as such by Baird and co

workers (Cuthbert et al. 1983, Baird et al. 1984, Baron et al. 1988). One of the reasons 

is their finding that it is possible to induce immunological sensitization to cow's milk 

proteins in this species by simply feeding them cow's milk for about 20 days. Repeated 

intra-peritoneal (i.p.) injection with cow's milk is another way to induce sensitization 

in guinea pigs (like in other laboratory animals as mice and rats, in which oral 

sensitization procedures are hardly successful). 

Both the oral and i.p. sensitization to cow's milk can be detected by an immediate 

hypersensitivity reaction of the guinea pigs' small intestine and colon. Isolated, 

muscle-free preparations challenged at the serosal side with the cow's milk protein ß-

lactoglobulin, show a transient increase of the short circuit current (Isc) in the Ussing 

chamber. The primary step in the hypersensitivity reaction is the ß-lactoglobulin-

induced crosslinking of immunoglobulins bound to mucosal mast cells, which results 

in degranulation of these cells. Released mast cell products can induce the epithelial 

secretory response by a direct action on epithelial receptors, but also via activation of 

enteric nerves. The latter is deduced from the fact that part of the secretory response 

could be blocked by tetrodotoxin, a blocker of neuronal action potentials (Baird and 

Cuthbert, 1987). In case of mucosal application of the antigen, the epithelial barrier 

will limit the permeation of the antigen and therefore mast cell degranulation and 

secretory response will be reduced as compared to serosal application. 

Another effect of ß-lactoglobulin induced mast cell degranulation is the increased 

permeability to macromolecules as demonstrated by Heyman et al. (1990) with guinea 

pig jejunum in vitro, for the intact macromolecular probe horseradish peroxidase 

(HRP, MW 40kD). 

In rats sensitized to ovalbumin, in situ jejunal challenge induced an increased 

permeability to the antigen itself (MW 45 kD) and to the permeability marker 51Cr-

EDTA with a MW of 342 D (Ramage et al. 1988). The increased permeability upon 

luminal ovalbumin challenge could partly be blocked by TTX, indicating that nerves 

are also involved in antigen-induced hypersensitivity reactions in rats. Interestingly, in 

Ussing chamber experiments with isolated jejunum of rats, it appeared that the Isc-

response to serosal challenge was not affected by TTX while the response to luminal 

challenge was strongly inhibited (Crowe et al. 1990). More specific, cholinergic 

neurons are thought to play a role in the anaphylactic response (Javed et al. 1992). 
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With rat ileum in vitro, we (Bijlsma et al. 1996) have shown that carbachol, a 

muscarinic analogue of the neurotransmitter acetylcholine, caused an increased 

permeability to intact HRP, even in the presence of TTX. This occurred via an 

increased endocytosis as well as via an induction of paracellular leak to this protein. 

We speculated that cholinergic stimuli may cause an increased permeability for 

luminal food antigens, possibly leading to sensitization to luminal antigens in naive 

animals and to increased mast cell degranulation in sensitized animals. This in turn 

may lead to an amplified and/or sustained loss of barrier function to potentially 

antigenic luminal substances via a direct effect of the mast cell products on the 

epithelial cells or via stimulation of the release of acetylcholine and probably other 

transmitters from neuronal tissue. 

Therefore, it was of interest to study the effect of carbachol on intestinal barrier 

function and whether it could modulate the responses to luminally or serosally applied 

antigens in sensitized guinea pigs. The findings that carbachol addition (Bijlsma et al. 

1996) and mast cell degranulation (Cooke et al. 1984) may cause the release of 

neurotransmitters, prompted us to do these experiments in the presence of TTX in 

order to limit neuronal activity as far as possible. 

METHODS 

Immunization procedure Female guinea pigs (Dunkin-Hartley) aged 6 weeks were 

sensitized to cow's milk by i.p. injection of 0.5 ml fresh pasteurized cow's milk, 

followed by a booster with the same amount of cow's milk on day 15. Experiments 

were conducted from days 25 to 30. 

Electrophysiological studies Animals were killed by i.p. injection of Na-pentobarbital 

(120 mg/kg), the small intestine was rapidly removed and rinsed of intestinal contents 

with ice-cold Ringer's. Segments of proximal jejunum free of Peyer's patches were 

stripped of muscle layers and mounted in Ussing chambers with an exposed surface 

area of 0.5 cm2. Both sides of the epithelium were perfused with Ringer's solution, 

gassed with humidified 5% C02 + 95% 02 . The Ringer's composition was (in mM) 

Na+ 140, K+ 5.2, Ca2+ 1.2 Mg2+ 1.2, HC03" 25, HP04
2" 2.4, H2P04" 0.4, 1-glutamine 

2. After carbogenation the pH was 7.4 and the osmolality 290 mOsm/kg. Solutions 

were maintained at 37 °C with water jackets and recirculated (total volume 12 ml on 

either side) by a gas lift. The mucosal and serosal bathing solutions were connected 
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via 3M KCl-agar bridges to calomel electrodes for measurement of transepithelial 

potential difference and to Ag-electrodes for current passage through the system. The 

tissue was kept under short-circuit conditions by an automatic clamping device that 

corrected for fluid resistance (World Precision Instruments DVC 1000, New Haven, 

Connecticut, USA). The short-circuit current was continuously recorded. The ionic 

conductance was calculated from current deflections evoked by voltage pulses of 0.5 

mV of 1 second duration every 60 seconds. 

Flux measurements After a 20 minutes equilibration period, TTX (Sigma) was added 

to the serosal compartment to a final concentration of 10"6 M. Carbachol (final 

concentration 10"4 M) was added serosally to some of the tissues 30 minutes later (t = 

50 min). Atropine (Sigma) was added to the serosal compartment to a final 

concentration of 10"5 M. Flux studies were started at t = 110 minutes. HRP (Sigma, 

type VI) was added to a final concentration of 10"5 M (0.4 mg/ml) mucosally. ß-

lactoglobulin (Sigma, type V) was simultaneously added to either the mucosal or the 

serosal side to a final concentration of 0.4 mg/ml. Serosal samples of 200 ul were 

taken at t = 120, 150 and 180 minutes for HRP detection and were replaced by 

oxygenated Ringer. The appearance of HRP in the serosal bath was measured 

enzymatically as described previously (Heyman et al. 1982). 

Electron microscopy In some of the flux experiments tissues were fixed immediately 

after the flux measurements in 2,5 % glutaraldehyde in 0.1 M sodium-cacodylate 

buffer (pH 7.4) for 2 h at room temperature and rinsed overnight (4 °C) in 0.1 M 

sodium-cacodylate buffer (pH 7.4) and 3 times for 5 min each in 0.05 M TRIS buffer 

(pH 7.6). Peroxidase activity was histochemically demonstrated using the method of 

Graham and Karnovsky (1966). The tissue was preincubated for 15 min in 5 mg 

diaminobenzidine in 10 ml 0.05 M TRIS buffer (pH 7.6, 22 °C) and subsequently 

incubated 15 min in the same buffer containing 0.01% H202. Tissues were then 

processed for routine electron microscopy. 

Statistical analysis Statistical significance was tested by Wilcoxon's signed rank test 

for paired observations or by the Mann-Whitney U test for unpaired observations as 

indicated, using one-tailed P-values. 
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RESULTS 

The short-circuit current (Isc) and the conductance (G) of the jejunal segments 

stabilized at 30 minutes after the addition of 10"6 M TTX to respectively 8.4 ± 2.9 

uA/cm2 and 25.0 ± 2.7 mS/cm2 (mean ± s.e.m.; N = 11 animals). After the addition of 

10"4 M carbachol a peak value in Isc was reached within 2 minutes: Isc = 63.2 ± 7.8 

uA/cm2. Thereafter Isc values gradually returned to baseline values within 60 minutes. 

At this timepoint Isc and G were respectively 13.9 ± 3.3 uA/cm and 26.4 ±3 .3 

mS/cm2 in carbachol-exposed tissues. In control tissues Isc at this time point was 

somewhat lower (6.6 ± 2.6 uA/cm2). The G values at this timepoint were not different: 
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Fig 1. Changes in Isc induced in isolated and stripped jejunum by ß-lactoglobulin at the mucosal 

side, by ß-lactoglobulin at the mucosal side 60 min after serosal carbachol, by ß-lactoglobulin at the 

serosal side, and by ß-lactoglobulin at the serosal side 60 min after serosal carbachol. For 

significance of differences: see text. 

The peak Isc values after mucosal or serosal addition of ß-lactoglobulin are shown in 

Fig. 1. In the absence of carbachol, serosal addition of ß-lactoglobulin caused a 

significantly larger Isc respons than mucosal addition (p < 0.01). In contrast, in 

carbachol treated tissues, serosal addition of ß-lactoglobulin caused an Isc response 

comparable to mucosal addition (p > 0.1). Isc responses to mucosal addition of ß-

lactoglobulin without or after previous application of carbachol were comparable (p > 

0.1), but Isc responses to serosal addition of ß-lactoglobulin after carbachol were 

much smaller than without carbachol (p < 0.001). Irrespective of the absence or 
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presence of carbachol, peak Isc responses to serosal ß-lactoglobulin were reached in 

about 2 minutes and to mucosal ß-lactoglobulin in about 5 minutes. 

Prior addition of carbachol may reduce the epithelial secretory response upon 

subsequent stimulation by the mast cell mediator histamine, as reported in T-84 

intestinal cell lines (Kachintorn et al. 1993). Therefore, serosal application of 

histamine in tissues that were not exposed to ß-lactoglobulin was performed without 

or after induction of the electrophysiological response to carbachol. (These 

experiments were done between t = 180 and t = 240 minutes with tissues that were 

used for measurements of the HRP flux under control conditions.) Isc responses to 

serosally added histamine (10"4 M) after Isc was recovered from prior application of 

carbachol was 3.4 ± 1.0 uA/cm2, while without carbachol the response was 

significantly larger: 25.1 ± 5.5 uA/cm2 (p < 0.002, n=10). 
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Fig 2. Time dependent change in conductance from t =110 min to t =180 min. Contr: no additions; 

Carb: carbachol at the serosal side; big muc: ß-lactoglobulin at the mucosal side; big muc + carb: ß-

lactoglobulin at the mucosal side 60 min after carbachol at the serosal side; big ser: ß-lactoglobulin at 

the serosal side; big ser + carb: ß-lactoglobulin at the serosal side 60 min after carbachol at the 

serosal side. For significance of differences: see text. 

Fig. 2 shows the change in conductance from the start to the end of the HRP-flux 

measurements (from t = 110 to t = 180 minutes). Values in the presence of carbachol 

were comparable to controls and to values after mucosal addition of ß-lactoglobulin. 

Serosal application of ß-lactoglobulin showed a tendency to increase the conductance, 

but this did not reach significance. However, serosal addition of ß-lactoglobulin in the 
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presence of carbachol showed a significant increase in conductance, compared to 

controls (p < 0.05), to carbachol alone (p < 0.05) and also to serosal ß-lactoglobulin in 

the absence of carbachol (p < 0.05). 
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Fig 3. Horseradish peroxidase flux from mucosal compartment to serosal compartment calculated 

from the increment of the enzymatic HRP activity in the serosal compartment from 40 to 70 min after 

application of HRP. Contr: no additions; Carb: carbachol at the serosal side; big muc: ß-lactoglobulin 

at the mucosal side; big muc + carb: ß-lactoglobulin at the mucosal side 60 min after carbachol at the 

serosal side; big ser: ß-lactoglobulin at the serosal side; big ser + carb: ß-lactoglobulin at the serosal 

side 60 min after carbachol at the serosal side. For significance of differences: see text. 

Fig. 3 shows the HRP fluxes at the last sampling period (t = 150-180 minutes). The 

flux in the presence of carbachol was significantly larger than control values (p < 

0.05). Mucosal addition of ß-lactoglobulin in the absence of carbachol did not increase 

the HRP flux, and in the presence of carbachol it was not different from the flux with 

carbachol alone. Serosal addition of ß-lactoglobulin caused a significant increase in 

HRP flux compared to control and to mucosal addition of ß-lactoglobulin (p < 0.05). 

The HRP flux after serosal addition of ß-lactoglobulin in the presence of carbachol 

was significantly increased (p < 0.05) compared to control, but was not different from 

the flux with carbachol or the flux with carbachol plus mucosal ß-lactoglobulin. Thus, 

in the presence of carbachol, neither mucosal nor serosal addition of ß-lactoglobulin 

caused a further increase in HRP flux, compared to the effect of carbachol itself. 

Moreover, there was no significant difference in the HRP flux increase in the presence 

of serosal ß-lactoglobulin, with or without carbachol. 
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Fig 4. Electronmicrographs of guinea pig jejunum. A: Control: HRP at mucosal side and no further 

additions. The lateral intercellular spaces are empty. B: Control showing HRP product in the lateral 

intercellular spaces. C: HRP product in lateral intercellular spaces of carbachol activated tissue. D: 

HRP product in lateral intercellular spaces of ß-lactoglobulin (serosal side) activated tissue. 
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Electronmicroscopy was performed on tissues from 6 animals. From the micrographs 

it was clear that carbachol and serosally added ß-lactoglobulin caused an increase in 

endocytic uptake of HRP and an increased staining of HRP reactivity in tight junctions 

and lateral intercellular spaces in all six animals. However, in contrast to our earlier 

observations in rat ileum, HRP reactivity in tight juntcions and lateral intercellular 

spaces was occasionally also seen in control tissues from two of the six studied 

animals. The HRP fluxes in the control tissues of these two animals were high: 11.5 

and 11.7 pmol/cm2 .h and in the same range as HRP fluxes of the tissues from these 

animals in the presence of carbachol, which were 13.8 ± 2.6 pmol/cm .h. Therefore, 

in additional experiments we compared the fluxes of HRP under standard control 

conditions (i.e. in the presence of TTX) with the flux when instead of TTX, atropine 

(10"5 M) was added to the serosal compartment 30 min after mounting the tissue and 

with the flux when no atropine and no TTX was used. 
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Fig 5. Mucosal to serosal flux of HRP. Contr: no blockers added; TTX: tetrodotoxin at the serosal 

side; Atrop: atropine at the serosal side. For significance of differences: see text. 

Fig 5 shows that in the presence of atropine the HRP flux was significantly smaller 

than in the presence of TTX (p < 0.05, unpaired) and also smaller than the flux in the 

absence of both TTX and atropine (p < 0.05, unpaired). Moreover, the addition of 

TTX or atropine caused a decrease in Isc (mean value: 60 (iA/cm2 at t = 30 minutes) 

of about 30 uA/crn2 within 10 minutes. This suggests that the tissue can have a 

spontaneous high release of acetylcholine and possibly other neurotransmitters. 
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DISCUSSION 

In previous experiments it has been shown that carbachol, via the muscarinic receptor, 

induces an increase of the permeability for macromolecules via the trans- and 

paracellular pathway exemplified by HRP transport (Bijlsma et al. 1996). Although 

the route of HRP transport was not studied in detail, Heyman et al. (1990) have 

documented increased HRP transport through intestinal tissue from cow's milk 

sensitized guinea pigs after in vitro challenge with ß-lactoglobulin. 

The aim of the present study was to determine whether carbachol could also increase 

permeability for HRP in isolated small intestine of the guinea pig and if so, whether 

the presence of carbachol could increase the effects of sensitizing antigens at the 

mucosal side of sensitized intestinal tissue. Furthermore we asked whether carbachol 

and antigen challenge could have an additive effect on the increase in macromolecular 

permeability. 

Muscarinic activation and endogenous activity 

In support of our earlier observations in rat ileum, we show here that cholinergic 

stimulation also causes an increase in macromolecular permeability in the guinea pig 

jejunum. The increased leak can still be observed after the Isc response to carbachol 

was fully declined and was still detectable two hours after application of carbachol. 

Although we have not quantified the HRP in endosomes, the EM observations 

indicated an increased endocytic uptake in the presence of carbachol, like in rats 

(Bijlsma et al. 1996). Furthermore, in carbachol treated tissues HRP was detected in 

the lateral intercellular space. Thus, the likeness of results in rat and guinea pigs 

indicates that the increased transport is a general consequence of cholinergic 

activation. An interesting difference between small intestine of the guinea pig and the 

rat is the occasional observation of paracellular HRP in control tissue of guinea pigs 

and the susceptibility of the Isc and the flux of HRP for atropine. This leads to the 

following conclusions: i) The presence of TTX, which in the used concentration 

effectively blocks the generation of action potentials in nerves, does not completely 

inhibit release of acetylcholine in the tissue, ii) The untreated tissue has a rather high 

cholinergic tone, reflected by a relatively high Isc and large permeability for 

macromolecules, which can both be reduced by atropine and to a lesser degree by 

TTX. The high cholinergic tone and Isc may partly be a result of the sensitization of 

the animals to a foreign antigen, as this procedure itself leads to an increase of the Isc 
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in the jejunum of oral ß-lactoglobulin sensitized guinea pigs (Heyman et al. 1990). In 

orally sensitized guinea pig ileum TTX also reduced the high initial Isc values (Baird 

and Cuthbert, 1987). However, a high Isc was also reported in the ileum of non-

sensitized guinea pigs (Cooke et al. 1984a, b), which could be modulated by the 

acetylcholinesterase inhibitor eserine and by atropine. This suggests that non-

sensitized guinea pigs also have a high cholinergic tone. We never observed a 

reduction by atropine of the low (10-20 pA/cm2 ) baseline Isc values in the small 

intestine of Wistar rats and Balb C mice (Bijlsma, van Kalkeren: unpublished 

observations), and rats and mice are in general rather insensitive to oral sensitization 

procedures. 

Taking these findings together, it is tentative to hypothesize that the susceptibility of 

guinea pigs to oral sensitization is related to a high cholinergic tone in the small 

intestine, which may cause an increased transepithelial passage of luminal antigens. 

Interestingly, in the Hooded-Lister rat strain with a spontaneous Isc of about 60 

pA/cm2 atropine as well as TTX also caused a decrease of the Isc and of the jejunal 

permeability for macromolecules (Kimm et al. 1994), comparable to our present 

findings in guinea pigs. If our hypothesis makes sense, this rat strain should also be 

more susceptible to oral sensitization than e.g. Wistar rats and most other rat strains. 

Luminal and serosal antigen challenge 

The present findings confirm earlier observations (Heyman et al. 1990), of increased 

transport of intact HRP in the presence of serosal ß-lactoglobulin in cow's milk 

sensitized guinea pigs. In addition we now show that the release of mast cell products 

can augment, directly or indirectly, the endocytotic activity of transport cells and can 

modify the properties of tight junctions. In contrast to the effect of serosal addition of 

ß-lactoglobulin, the mucosal application increased Isc with only 40 % of the effect of 

serosal challenge and did not increase the transepithelial flux of HRP. This differs 

from observations in rat jejunum, where mucosal application of HRP to isolated tissue 

of HRP-sensitized rats in Ussing chambers induced an increase of the flux of the 

specific antigen itself but also of a bystander protein (Berin et al. 1997). An 

explanation for this difference can not be given unequivocally at this moment. 

However, one difference is that the present experiments were performed in the 

presence of TTX. This would reduce the influence of mast cell products on epithelial 

cells via neuronal activation. Application of TTX to rat jejunum also inhibited the 

lumen to blood transport of ovalbumin in ovalbumin sensitized rats (Crowe et al. 
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1993). Berin et al. (1997) have divided the transepithelial transport of antigens from 

the luminal side to the blood side into two phases. The first is the uptake into the 

epithelial cells and the transcytosis of the antigen. The second phase is the recognition 

of the antigen by the mast cells, their degranulation and the induction of increased 

endocytosis and paracellular leak for the antigen but also for other luminal molecules. 

Sensitization of the rat is required for the first phase, but it also occurred in mast cell 

deficient Ws/Ws rats, whereas the second phase is dependent on sensitization and the 

presence of mast cells (Berin et al., 1998). Studies from Boekman and Winborn (1965) 

and Berin et al. (1998) strongly suggest that sensitization also provides the epithelial 

cells of hamsters and rats with an antigen recognizing mechanism and may be part of 

the answer to the question how the tissue can generate the fast response to mucosal 

challenge with specific antigens. 

In the present study the magnitude of the Isc induced by mucosal challenge did not 

differ in the presence and absence of carbachol. This contrasts with the finding that 

after a carbachol induced secretory response, histamine and serosal ß-lactoglobulin 

induced increases of Isc are suppressed by 86 % and 77% respectively. Recently we 

reported qualitatively identical effects on jejunal Isc responses to mucosal and serosal 

antigen application in ovalbumin-sensitized mice and similar effects of pretreatment 

with carbachol (Bijlsma et al. 1996). The carbachol-induced inhibition of Isc 

responses to histamine and serosal antigen is most probably due to heterologeous 

desensitization, as shown for histamine in the intestinal cell lines T84 and HT29cl.l9A 

(Kachintorn et al. 1993 and Bouritius et al. unpublished observations). Thus, the 

relatively large Isc-response to mucosal challenge in the presence of carbachol may be 

due to an increased release of mast cell products, presumably because of increased 

transport of ß-lactoglobulin from the luminal side to the mast cells. 

From the combined effects of carbachol and serosal or mucosal addition of ß-

lactoglobulin on HRP fluxes we conclude that mast cell degranulation by either serosal 

or mucosal antigen does not cause a further increase of the permeability for 

macromolecules than that evoked by carbachol or serosal ß-lactoglobulin alone. The 

non-additiveness of the permeability effects of maximal stimulation of cholinergic 

activity and of mast cell degranulation suggests that both stimuli exert their 

permeability effects on the epithelial cells via a similar intracellular pathway. The 

observation that addition of carbachol or serosal antigen can further increase the 

already existing spontaneous high permeability for macromolecules in sensitized 
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guinea pigs implies that at the postulated spontaneous level of cholinergic activation 

of the enterocytes, further stimulation by carbachol or mast cell products can have an 

additive effect on macromolecular permeability. 

The finding that carbachol amplifies the increase in ionic conductance of about 10 % 

of baseline conductance caused by serosal antigen to a value of about 40 % was rather 

unexpected, as the presence of carbachol alone did not influence the baseline 

conductance. This observation indicates the possibility that carbachol can potentiate 

the effect of one or more mast cell products on tight junction permeabilty for ions and 

possibly also for molecules smaller than HRP. This requires further study. The 

comparison of the conductance changes in Fig. 3 to the HRP fluxes in similar 

experimental conditions in Fig. 2 leads to one highly relevant conclusion: It clearly 

shows that conductance changes in general are not correlated to increases in 

macromolecular permeability, even if these permeability increments are partly due to 

paracellular leak. 

In conclusion: the present results confirm the observations in rat that muscarinic 

activation can increase the intestinal permeability for macromolecules via both the 

paracellular and the transcellular route. Futhermore, they show that serosal antigen 

challenge of isolated intestinal tissue from sensitized guinea pig likewise increases the 

permeability for macromolecules. Finally, we hypothesize that the susceptibility of the 

guinea pig to oral sensitization could be related, at least in part, to the high cholinergic 

tone in its small intestine. 
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ABSTRACT 

Recently we reported an increased trans- and para-cellular protein permeability in rat 

small intestine after acute cold restraint stress. This is a rather strong stressor, as 

judged from the observed increments in plasma corticosterone levels. In the present 

study we applied randomized 95 dB or 105 dB white noise pulses during 45 min per 

hour, 12 hours per day, duration 8 days, as a milder, but more chronic stressor to male 

rats. At 8 days (day -8) before the noise experiments (day 0), 50 % of the animals were 

cannulated in the vena cava allowing free movement, and blood samples were 

obtained at day -1,0, 1, 2, 4, 7 and 9. The other 50 % of the animals were sacrificed at 

day 9, segments of ileum were stripped from muscle layers, mounted in Ussing 

chambers and perfused in carbogenated Ringer's solutions of 37° C. Horseradish 

Peroxidase (HRP) was added to the mucosal side, serosal samples were taken during 

120 minutes, appearance of HRP was detected enzymatically, and tissues were fixed 

for electronmicroscopical staining of HRP. In the cannulated 95 dB noise-exposed 

animals, plasma corticosterone levels were significantly enhanced twofold compared 

to controls at day 2, and remained enhanced at day 7 and 9. Ileal HRP-flux was 

significantly enhanced by a factor two in the 95 dB noise-exposed animals. 

Electronmicrographs of tissue from stressed or control animals showed no detectable 

paracellular staining of HRP. Quantification of HRP-containing endosomes in 

enterocytes revealed a significant increase in endosome number. Moreover, there was 

a positive correlation between the number of HRP-filled endosomes and HRP flux in 

controls and in stressed animals, with similar slopes and y-axis offsets of the 

correlation lines, indicating that the increased HRP permeability was primarily due to 

increased endocytosis. In contrast to the 95 dB exposed animals, rats exposed to 105 

dB noise showed no increase in corticosterone levels, and ileal HRP fluxes were not 

significantly different from controls, but the animals showed a decreased weight gain 

compared to controls and to the 95 dB-exposed animals. We conclude that mild 

subchronic noise stress may cause a decrease in intestinal barrier function by increased 

transcytosis of luminal antigens, and that this effect is not necessarily dose-

dependently related to the noise intensity. 
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INTRODUCTION 

Stress has frequently been associated with gastrointestinal manifestations. These 

include gastric ulceration (Glavin 1980), increased colonic motility (Narducci 1985), 

changes in gastric emptying and small intestinal motility (Gué 1986, 1987, 1989; 

Buéno 1988) and changes in small intestinal transport of water and electrolytes 

(Barcley 1987). Also, stress has been indicated as a factor that exaggerates the disease 

activity in irritable bowel syndrome (Narducci 1985; Fukudo 1998) and in 

inflammatory bowel disease (Duffy 1991). A relation between stress and intestinal 

permeability has been shown for very severe stressors like burn trauma, surgical 

trauma, blunt injury trauma and hemorrhagic shock (Rhodes 1971; Deitch 1990; 

Epstein 1991; Roumen 1993). More recently an increased permeability to mannitol 

and Cr-EDTA was reported in rat small intestine after acute (4 hours) restraint stress 

(Saunders 1994). In a subsequent study an increased permeability was also observed 

using Horseradish Peroxidase (HRP; 40 KD) as a marker for antigenic protein 

permeability in rat small intestine after acute (2 hours) cold restraint stress (Kiliaan 

1998). The increased HRP permeability appeared to be caused by increased 

endocytosis and by tight junctional leakage of this protein, and was mediated by a 

cholinergic mechanism. Still, restraint is an acute and rather strong stressor, as judged 

from increments in plasma corticosterone levels of 225 - 250 ng/ml, observed in rats 

cannulated in the vena cava (van Raaij 1997a), as well as in rats anesthetized after the 

restraint stress period (Saunders 1994). 

This raises the question whether a more moderate, but chronically applied stress 

stimulus also affects intestinal permeability. Such a stressor is noise exposure, a 

common environmental disturbance in modern life, which is a relatively mild 

neuroendocrine activator compared to other (acute) stress stimuli (De Boer 1988; 

Scheurink 1995). Noise has been associated with hypertension, sleep disturbances and 

decreased well-being and performance in humans (Van Raaij 1997a). Acute noise 

exposure induced an increase in heart rate, hypertension and changes in gastric 

motility in laboratory animals (Gué 1986). However, to our knowledge the effects of 

noise exposure on intestinal permeability have as yet not been studied. 

In the present study we applied randomized 95 dB or 105 dB white noise pulses during 

45 min per hour, 12 hours per day, duration 8 days, as a subchronic stressor to male 

Wistar rats. Small intestinal protein permeability was measured in ileal segments in 

Ussing flux chambers in vitro and visualised by electronmicroscopy. Hormonal status 
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was detected in vivo in animals cannulated in the vena cava allowing free movement. 

MATERIALS AND METHODS 

Animals and housing Male Wistar rats (Wistar: WU; SPF animals), obtained from The 

National Institute of Public Health and Environment's own breeding facility, weighing 

+ 250 g at arrival for the experiments, were placed in so-called inhalation units [15] at 

an ambient temperature of + 21°C and a dark-light schedule of 12:12 h (lights on at 

07:00 h). The animals were individually housed separated by grids so that body, sight 

and smell contacts were still possible. The animals were acclimatized for 10 days and 

were fed with RMH-GS pelleted food (Hope Farms BV, Woerden, The Netherlands) 

and received local tap water ad libitum. Body weight and food intake were determined 

3 times/week during the entire experiment. The animal cages were placed in sound-

attenuated rooms and the experimenters visited the animal rooms daily between 08:30 

and 10:00 h. All other activities (cleaning, determination of body weight, etc.) in the 

animal rooms were performed between 10:30 and 12:00 h. 

Noise experiments Animals were stratified on body weight and assigned to three 

experimental groups: controls (n=13), noise regimen 95 dB (n=13) and noise regimen 

105 dB (n=8). Control animals were exposed to the continuous ambient background 

noise in the animal room (about 64 dB, mostly < 3 kHz; produced primarily by the 

ventilation system) and normal daily activities only. The experimental noise was 

superposed on the background level and consisted of uniform distributed white noise 

(2-22 kHz) generated by a sound card installed on a personal computer. The signal 

was amplified (Pioneer, A202) and delivered to keramic piezo speakers (Motorola, 

KSN 1025 A) with a linear output over the entire noise frequency range (see Van Raaij 

et al. 1996 for detailed frequency spectra of background and experimental noise). The 

amplifier was calibrated to produce sound levels of 95 dB or 105 dB in the animal 

cages. The noise regimen involved 95 or 105 dB white noise for 8 days, 12 'noise 

hours'/day and 45 'noise minutes' per noise hour (540 min/day). Noise hours were 

distrubuted among 24 h, and noise minutes among 60 min of a noise hour, by a 

random computer generator to ensure unpredicable and irregular exposure 

characteristics. Experiments with control and 95 dB-exposed animals were run in two 

paralell sessions over 8 days, 10 animals (5 controls and five 95 dB-exposed animals) 

in the first session and (three months later) 24 animals (of which 8 controls and eight 
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95 dB-exposed animals) in the second session. 105 dB exposure of the other 8 animals 

from this batch was started immediately after the second session. The 8 control 

animals from the second session also served as controls to the 105 dB-exposed 

animals. 

Flux measurements Rats were anesthetized by intraperitoneal injection of sodium-

pentobarbital (60 mg/kg) and killed by bleeding of the abdominal aorta. A segment of 

distal ileum was rapidly removed and rinsed with Ringer's solution to remove 

intestinal contents. The segment was stripped of muscle layers and 1 to 2 flat sheets of 

tissue per aminal were mounted in tissue holders described elsewhere in detail (Groot 

et al. 1979). The exposed area was 0.2 cm2 and free of Peyer's patches. Both sides of 

the epithelium were in contact with Ringer's solution, gassed with humidified 5 % C02 

+ 95 % 02 . The Ringer's composition was (in raM) NaCl 117.5, KCl 5.7, NaHC03 25, 

NaH2P04 1.2, CaCl2 2.5, MgS04 1.2, inosine 5. After carbogenation the pH was 7.3 

and the osmolality 290 mOsm/kg. Solutions were maintained at 37 °C with water 

jackets and stirred with magnetic stirring bars (total volume 3 ml on either side). After 

a 15 minutes equilibration period, HRP (Sigma, type VI) dissolved in Ringer's solution 

was added mucosally to a final concentration of 10"5 M. Serosal samples of 200 ul 

were taken at 60 and 120 minutes and replaced by oxygenated Ringer. The appearance 

of HRP in the serosal bath was measured enzymatically. In short, a 0.1 ml sample of 

test solution was mixed with 1.4 ml phosphate buffer (0.1 M, pH 6.0) containing 0.003 

% H202 and 0.009 % o-dianisidine di-HCl. The linear, HRP-concentration-dependent, 

rate of increase in optical absorption at 460 nm was determined with an Eppendorf 

photometer. 

Electron microscopy After sampling tissues were immediately fixed for 

electronmicroscopy. Tissues were fixed in 2.5 % glutaraldehyde in 0.1 M sodium-

cacodylate buffer (pH 7.4) for 2 h at room temperature and rinsed overnight (4 °C) in 

0.1 M sodium-cacodylate buffer (pH 7.4) and 3 times for 5 min each in 0.05 M TRIS 

buffer (pH 7.6). Peroxidase activity was demonstrated histochemically using the 

method of Graham and Karnovsky (1966). The tissue was preincubated for 15 min in 

5 mg diaminobenzidine in 10 ml 0.05 M TRIS buffer (pH 7.6, 22 °C) and 

subsequently incubated 15 min in the same buffer containing 0.01 % H202. Tissues 

were then processed for routine electron microscopy. Orientation of the tissue was 

such that villus cells were cut longitudinally. The amount of endocytosed, intact HRP 

was quantified by counting the number of HRP-product filled endosomes in an apical 
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area of 6 x 4 um just beneath the brush-border membrane using a computer-imaging 

program. Ten randomly selected photographs per animal were processed by personnel 

ignorant of the experimental history of the material. 

Cannulation experiments In separate sets of experiments with animals from the same 

breeding batch, the neuroendocrine responses to the different noise regimens was 

monitored using chronically cannulated animals. After acclimatization, the rats were 

chronically cannulated in the vena cava via the vena femoralis (for details see Van 

Raaij et al. 1997a). The cannula system left the dorsal site of the tail and was fixed 

with a lightweight aluminum tail cuff equipped with a stainless steel wire spring to 

protect the cannula. Animals were left to recover for 8 days before experimental 

treatments were started. Before blood sampling started the animals were habituated to 

these activities for 2 consecutive days. Blood samples were obtained at time points day 

- 1, 0, 1, 2, 4, 7 and 9. Blood samples were always obtained between 08:30 and 09:30 

h and noise exposure started directly after obtaining the sample of day 0. The 

experimental noise exposure was always turned off at least 40 minutes prior to blood 

sampling. Plasma samples were analyzed for corticosterone and catecholamines as 

described in detail in Van Raaij 1997a. 

Statistical analysis Data are presented as mean ± s.e.m. for each group. Significance of 

differences between control and noise-exposed animals were evaluated by 

nonparametric two-tailed Mann-Withney U-test, or when indicated, one-tailed. 

RESULTS 

Intestinal protein permeability 

Fig. 1 shows the mucosal to serosal fluxes of intact HRP in ileal segments of non-

cannulated 95 dB noise-exposed (n=12) and control (n=13) animals during the 

perfusion period of 2 hours. The permeability of HRP was enhanced two-fold in 95 

dB-exposed animals in both the first and second perfusion hour (p < 0.01). Data from 

one 95 dB-exposed animal (with flux values respectively 54 and 170 pmol/cm2.h in 

the first and second hour) were skipped because the extremely high flux values were 

due to tissue damage during preparation. From the other 12 animals exposed to 95 dB 

noise, 6 animals showed a HRP-permeability above the range of control values. 
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Fig. 1. Mucosal to serosal fluxes of intact HRP in ileal segments of 12 non-cannulated 95 dB noise-
exposed and 13 control animals during the perfusion period of 2 hours. One or two tissues per animal 
were mounted, values from 2 tissues per animal were averaged to one mean value per animal. The 
permeability of HRP was significantly enhanced in 95 dB-exposed animals in both the first and 
second perfusion hour (p < 0.01). 

Because increased endocytosis has been observed in the enterocytes of rats after cold 

restraint stress, a larger number of HRP filled endosomes was expected in the present 

study as well. Fig. 2 shows the number of HRP-filled endosomes in apical areas of 4 x 

6 um in enterocytes of 95 dB noise-exposed and control animals (based on 10 areas 

per animal, and on 10 randomly chosen animals from the control group of 13 animals, 

and on 10 randomly chosen animals from the 95 dB-exposed group of 12 animals, 

with comparable flux values as in fig. 1). There was a significant increase in the 

number of HRP-filled endosomes in the noise-exposed animals (p < 0.04, one-tailed). 

Moreover, there appeared to be a significant correlation between HRP permeability 

and mean apical endosome number in tissues of individual rats. This was observed in 

controls (Fig. 3A) as well as in noise-exposed rats (Fig. 3B), with p-values < 0.005 for 

controls and < 0.05 for noise-exposed animals. The slopes of the correlation lines in 

control and noise-exposed animals were not significantly different (p= 0.95), neither 

were their y-axis intercepts (p= 0.30). Paracellular HRP-staining was not observed in 

electronmicrographs from 95 dB-exposed or control animals. 
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Fig. 2. Number of HRP-filled endosomes in apical areas of 4 x 6 um in ileal enterocytes of 95 dB 

noise-exposed and control animals. Number of endosomes are mean values of 10 areas per animal, 

from 10 randomly chosen control animals (n=10) and from 10 randomly chosen 95 dB -exposed 

animals (n=10). There was a significant increase in the number of HRP-filled endosomes in the noise-

exposed animals (p < 0.04, one-tailed). 

HRP-fluxes in the 105 dB-exposed animals (n=8) were not increased, neither 

compared to its timed control group (n=8) shown in Fig. 4 (p > 0.33), nor to the entire 

control group of Fig. 1 (p > 0.62). Only one 105 dB-exposed animal clearly showed an 

increased HRP-flux (3.1 and 14.3 pmol/cm2.h in the first and second perfusion hour, 

respectively), flux values of all other animals were in the same range as those in 

controls. 

Hormonal status in cannulated animals 

Fig. 5 shows the plasma corticosterone levels in 95 dB-exposed (n=10), 105 dB-

exposed (n=6) and control animals (n=10). At day 2 there was a significant increase 

in corticosterone levels in 95 dB-exposed animals, and values remained increased at 

day 7 and 9 (p < 0.05). No differences were observed between controls and 105 dB-

exposed animals, from which blood samples were obtained at day 0, 2, 4 and 7. 
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Fig. 3A. Correlation between HRP permeability in the second perfusion hour and mean apical 
endosome number in ileal tissues of 10 non-cannulated control animals. A significant positive 
correlation was observed: r = 0.82; p < 0.005. 
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Fig. 3B. Correlation between HRP permeability in the second perfusion hour and mean apical 
endosome number in ileal tissues of 10 non-cannulated 95 dB noise-exposed animals. A significant 
positive correlation was observed: r = 0.65; p < 0.05. 
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Fig. 4. Mucosal to serosal fluxes of intact HRP in ileal segments of 8 non-cannulated 105 dB noise-

exposed and 8 control animals during the perfusion period of 2 hours. One or two tissues per animal 

were mounted, values from 2 tissues per animal were averaged to one mean value per animal. The 

permeability of HRP in 105 dB-exposed animals was not significantly different from controls in both 

the first and second perfusion hour (p = 0.33). 

These data are comparable to those in larger control and 95 dB-exposed groups (Van 

Raaij et al. 1997b). Their study also showed a persistent increase of ± 30 % in plasma 

noradrenaline levels in the 95 dB-exposed animals after 2 days of noise exposure, 

whereas noradrenaline levels in the 105 dB-exposed animals were not significantly 

increased compared to control levels (which were about 70 ± 10 pg/ml). In our -

smaller - 95 dB-exposed group the increase in noradrenaline levels was not significant. 

Furthermore, in either study no significant differences in plasma adrenaline levels 

were observed between 95 dB- or 105 dB-exposed animals and controls. Values 

ranged from 20 to 50 pg/ml (results not shown). 

Body weight changes 

Fig. 6 shows the body weight gain in the animals that were used for the flux 

experiments. The 105 dB exposed group lost weight in the first two days of noise 

exposure (in which period the animals almost did not eat), showed an increased weight 

gain at day 6 and a reduction in weight gain compared to controls at day 8. The 95 dB-

exposed group did not show a loss of body weight, and this group showed 

intermediate values between those in controls and in the 105 dB-exposed group. 
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Fig. 5. Plasma corticosterone levels in cannulated 95 dB-exposed (n=10), 105 dB-exposed (n=6) and 

control animals (n=10). At day 2 there was a significant increase in corticosterone levels in 95 dB-

exposed animals, and values remained increased at day 7 and 9 (p < 0.05). No differences were 

observed between controls and 105 dB-exposed animals, from which blood samples were obtained at 

day 0, 2, 4 and 7. 
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Fig. 6. Body weight gain (g/48 hours) in 13 non-cannulated control animals (n=13), 95 dB noise-

exposed animals (n=13) and 105 dB noise-exposed animals (n=8). Compared to controls, the 105 dB-

exposed animals showed a significant weight loss at day 2 , an increased weight gain at day 6 and a 

reduced weight gain at day 8 (p < 0.005). Body weight gain in 95 dB-exposed animals showed 

intermediate values, different from controls at day 6 and day 8 (p < 0.05). 
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Similar trends were observed in larger groups of cannulated animals, as shown in Van 

Raaij et al. (1997b). 

DISCUSSION 

This study shows that exposure of rats to mild subchronic noise of 95 dB induces a 

twofold increase in their small intestinal permeability to intact macromolecules. An 

increased endocytosis appears to be the main route of transepithelial transport, as 

shown by the twofold increase in the number of apical endosomes and their significant 

correlation to HRP flux-values of individual rats, both in control and experimental 

conditions. Also, from the comparable slopes and y-axis offsets of the regression lines 

(Fig 3A and 3B) it can be concluded that the increase of HRP transport can be 

accounted for by increased endocytic activity in the epithelium and it is not necessary 

to postulate another transport pathway than increased endocytosis.The lack of 

detectable paracellular or tight junctional staining of HRP corroborates this 

conclusion. 

An increased endocytosis of HRP was also observed after acute cold restraint stress in 

the jejunum of the stress-susceptible Wistar-Kyoto rat strain (Kiliaan 1998). However, 

this acute stressor also induced a marked tight junctional leakage of HRP, which 

contributed to the five-fold increase in transepithelial permeability observed in that 

study. Both the increased endocytosis and the paracellular leak could be prevented by 

i. p. injection of the animals with peripherally acting atropine-methylnitrate prior to 

the stress procedure, indicating that muscarinic receptors pathways were involved in 

the observed permeability increase. Interestingly, in dogs both acute restraint stress

and 90 dB noise stress-induced changes in gastrointestinal motor function were also 

accompanied by increased cholinergic activity via vagal nerves (Gué 1989; Muelas 

1993), so involvement of cholinergic mechanisms in the HRP permeability increase 

induced by 95 dB subchronic noise in the present study cannot be ruled out. On the 

other hand, the sustained increase in serum corticosterone levels in the 95 dB noise-

exposed rats may have effects on intestinal permeability via a totally different 

pathway: Dexamethasone administration (5 - 8 ng/g body weight/day i.p.) to rats for 

two days resulted in decreased luminal levels of secretory IgA, leading to increased 

bacterial adherence to the mucosa, which affected the paracellular permeability of 
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ileal, caecal and colonie segments (Spitz 1994,1996). Whether bacterial adherence 

also influences endocytosis is unknown, and we observed no differences in bacterial 

adherence between control and experimental ileum on the electronmicroscopical level. 

Nonetheless, the above mentioned reports serve as an example that chronic forms of 

stress may possibly affect intestinal permeability via induction of either neural, 

hormonal and/or immunological changes in the organism under study. 

In the present study we initially chose for 95 dB noise exposure, as it appeared from 

earlier studies that basal levels of ACTH, corticosterone and catecholamines remained 

unchanged during subchronic exposure to 85 dB noise (Armario 1984; van Raaij 

1997a). Because in general higher intensity of a stressor is correlated with stronger 

physiological responses and lower levels of habituation (Pitman 1990), we were 

expecting a more prominent effect of 105 dB noise exposure on intestinal protein 

permeability and on serum corticosterone levels. Surprisingly, both parameters were 

not different from control values. 

One explanation could be that 105 dB exposure leads to acute hearing loss due to 

cochlear hair cell damage. In chinchillas acute noise levels of 120 dB exerted 

destruction of about 75 % of hair cells, while chronic levels of 112 dB or less only 

induced 8 - 10 % of hair cell damage (Ward 1981). In rats, acute (1.5 hour) exposure 

to 110 dB white noise induced Heat Shock Protein 72 in outer hair cells, which may 

possibly have a protective effect at repeated exposure (Lim 1993). In our study the rats 

exposed to 105 dB noise showed a much stronger decrease in body weight gain and 

food intake than the 95 dB-exposed animals. This strongly suggests that they 

underwent the 105 dB noise as more aversive, and it is improbable that acute hearing 

loss leads to the observed reduction in weight gain. 

Individual animals may respond quite different to stressful experiences (Vogel 1988), 

and recently we reported that rats with different coping styles, i. e. Roman low 

avoidance and Roman high avoidance strains, showed a differential response to cold 

restraint stress with respect to intestinal permeability (Bijlsma 1998): The low 

avoidance rats with a primarily parasympathical (vagal) stress response showed a 

three-fold permeability increase, whereas the high avoidance rats with a primarily 

sympatical stress response showed no difference in permeability, compared to their 

respective controls. So animals selected for their coping style may show different 

responses when exposed to the same stressor. The Wistar rats used in the present study 

were not selected for coping style, and one may question whether the different results 
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with 95 dB and 105 dB noise stress could be explained by differing individual coping 

styles of the animals under study. Taken into account that 50 % of the 12 animals 

exposed to 95 dB noise showed an HRP permeability above the control range and may 

yield as positive responders, this would imply that the chance of a randomly chosen 

group of 8 animals including one positive responder is 8 x 0.58 = 3 %. Thus it is very 

unlikely that this is the reason that only one of the 8 animals exposed to 105 dB noise 

showed a HRP permeability above control levels. Moreover, cannulated animals from 

the same breeding colony consistently showed increased plasma corticosterone levels 

after subchronic 90 dB or 95 dB noise exposure (van Raaij 1997a, b), whereas they did 

not show such a response to subchronic 85 dB exposure (van Raaij 1996) or to 

subchronic 105 dB noise exposure (present study). Taken together, we conclude from 

the present findings that animals change their physiological stress-adaptation response 

when exposed to different noise intensities. 

Whatever the exact physiological mechanism behind this differential response to noise 

stress may be, a conclusion that can be drawn is that the response of the animals to 

acoustic stress is not necessarily dose-dependent with respect to effects on stress 

hormone levels and intestinal barrier function. These findings may have a large impact 

on epidemiological studies in which pathological effects of environmental noise are 

investigated, i.e. when a hazardous effect is observed that is not progressively 

correlated to noise intensity, this does not necessarily imply that there is no causal 

relationship between the hazard and the noise. 

In summary, the present study shows that subchronic 95 dB noise stress may cause a 

decrease in intestinal barrier function due to an increased endocytic uptake of luminal 

macromolecular substances. This may lead to an increased antigenic load to the 

mucosal immune system, thus possibly initiating sensitization to food antigens and 

inflammatory responses of the gut mucosa. Furthermore, the effect of noise stress on 

intestinal barrier function is not necessarily dose-dependently related to the intensity of 

the noise exposure. 
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INTRODUCTION 

In clinical practice, intestinal permeability tests are generally performed in a non

invasive way. 

Orally applied aqueous solutions containing a non-metabolizable hexose sugar (e.g. 

mannitol, rhamnose) and a disaccharide (e.g. lactulose, cellobiose) or Cr-EDTA are 

given to the patient, the urinary recovery of these substances is measured and 

expressed as a ratio of the disaccharide/monosaccharide recovery. This ratio is used as 

an index of intestinal permeability, and an increased ratio is assumed to reflect an 

increased intestinal permeability (Travis 1992; Bjarnason 1995). Recently we have 

questioned this interpretation, as monosaccharide permeation through the intestinal 

epithelium is subject to an additional driving force, namely solvent drag, which does 

not affect disaccharide permeation (Bijlsma 1995). Moreover, it is questionable if the 

transepithelial diffusion of small molecules reflects the intestinal transport of antigenic 

macromolecules, as the latter are normally absorbed primarily by non-specific 

endocytosis (Heyman 1982, 1992). Thus there is still a need for measurement of 

human intestinal permeability for larger molecules. 

Such studies have been performed, mostly using intestinal resection material or 

endoscopic aspiration biopsies which were mounted in Ussing chambers. Since the 

first quantitative report on macromolecular permeability in the jejunum of 

malnourished children by Heyman et al. in 1984, relatively few studies have been 

published in this field (Heyman 1988; Saidi 1995; Malin 1996; Majamaa 1996). One 

of the reasons is that the availability of human intestinal material which is suitable for 

mounting in Ussing chambers is scarce, as the required minimal exposed serosal area 

of the tissues mounted in these chambers is as yet reported to be at least 3 mm 

(Taylor 1988; Reims 1997). Normal endoscopic forceps biopsies obtained during 

routine endoscopy for histological or biochemical examination usually are too small 

and irregularly shaped for this criterion, especially when endoscopy is done in 

children. 

In the present study we first attempted to develop a method to study the transepithelial 

permeability of horseradish peroxidase (HRP; 40 KD) in endoscopic duodenal and 

ileal forceps biopsies in special miniaturized Ussing chambers leaving an exposed 

serosal surface area of 1.75 mm2 or smaller (see methods). Transepithelial resistance 

and potential difference were measured and responses to luminal glucose and serosally 

applied secretagogues were obtained. Biopsies were obtained from adults and 
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children, and the results were compared to literature values from tissues with larger 

surface areas. In some of these experiments the effect of the cholinergic agent 

carbachol on HRP permeability was examined, as we have previously shown that this 

cholinomimeticum increased HRP permeability in in vitro small intestine of rats and 

guinea pigs (Bijlsma 1996; chapter 8).Tissues were fixed for electronmicroscopy at 

the end of experimental periods of 120 to 180 minutes. 

In a second set of experiments we examined HRP permeability and 

electrophysiological parameters in duodenal biopsies of 10 children with chronic 

intractable diarrhea. This syndrome is a severe heterogenous disorder in pediatric 

gastroenterology with major problems of diagnosis and management (Phillips 1985; 

Holmberg 1977; Girault 1994; Reifen 1994; Ventura 1995). During this study it 

appeared that 3 of the examined patients had microvillus inclusion disease (MVID), a 

rare, but underdiagnosed intestinal disorder characterised by inclusion of enterocyte 

microvilli in endosomes beneath the luminal surface of the enterocytes. MVID 

patients in general have a poor prognosis as many of them require long term total 

parenteral nutrition, with increased risk of sepsis and cirrhosis (Davidson 1978; 

Phillips 1992; Rafaat 1994). 

Finally, in some of these Ussing chamber experiments we tested a not further specified 

substance (for which patent is applied), here to be called SIEPIE, as a potential means 

to reduce an increased intestinal macromolecular permeability. 

MATERIALS AND METHODS 

Human forceps biopsies were obtained by routine oral endoscopy (duodenum) or 

coloscopy (ileum) in patients with an ileostomy or colostomy, biopsies from children 

were obtained while they were under anesthaesia. Tissues were immediately placed in 

an ice-cold carbogenated Krebs-Ringer solution. Suitable specimens were oriented and 

mounted under a dissection microscope in Ussing chambers as used by Grasset et al. 

(1979), with a modified aperture. The time between obtaining the biopsies and the 

mounting in Ussing chambers was less then 15 minutes. Compartments contained 1.5 

ml Ringer, exposed serosal area was 1.75 mm2 or 1.10 mm2 when using biopsies from 

children younger than 5 years. Transepithelial potential difference and resistance were 

continuously monitored as described previously (Bijlsma 1996), using 1 uA bipolar 

current pulses through Ringer-agar bridge connected platinum wires. 

After a 20 minutes equilibration period horseradish peroxidase (HRP) was added to 
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the mucosal side to a final concentration of 10"5 M. Serosal samples of 0.2 ml were 

taken every 15 or 20 minutes during 120 to 180 minutes and replaced by fresh Ringer. 

HRP accumulation was measured enzymatically as described previously (Bijlsma 

1996). 

The Ringer's composition was (in raM) NaCl 117.5, KCl 5.7, NaHC03 25, NaH2P04 

1.2, CaCl2 2.5, MgS04 1.2. Mucosal buffer solutions contained 10 mM mannitol, 

serosal solutions contained 10 mM glucose or 10 mM inosine. After carbogenation the 

pH was 7.3 and the osmolality 290 mOsm/kg. 

After the experiments tissues were immediately fixed for electonmicroscopy to 

visualise HRP uptake as described previously. The amount of endocytosed, intact HRP 

was semi-quantified by counting the number of HRP-product filled endosomes in 

apical areas of 6 x 4 um just beneath the brush-border membrane and by measuring 

their diameter. Twenty-one randomly selected photographs per experimental condition 

(and per biopsy) were processed by personnel ignorant of the experimental history of 

the material. 

Statistical significance was tested by Welch's t-test. The two-tailed level of 

significance was 0.05. 

The study was approved by the local medical ethical committee. 

RESULTS 

In a first set of experiments we evaluated the electrical parameters in histologically 

normal duodenal biopsies of 2 adults and one child who were examined for reflux 

symptoms and had no intestinal complaints, and 6 other adult patients examined in an 

outpatient clinical setting with no established diagnosis of intestinal disease. Biopsies 

were mounted within 15 minutes after excision in Ussing chambers (exposed area 1.75 

mm2). After a 20 minutes equilibration period transepithelial resistance (R) and 

baseline short cirquit current (Isc, serosa positive) stabilized to values of 19.6 ±2.1 

Ohm.cm2 and 28.0 ± 8.9 uA/cm2 (mean ± sem, N=9), and remained stable for an 

experimental period of 180 minutes. At this timepoint the tissue was still able to 

respond to mucosally applied 10 mM glucose with a change in Isc of 59.4 ± 22.6 
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liA/cm2 (N=5), responses to 20 mM glucose were 66.0 ± 19.5 uA/cm2 (N=6). 

Carbachol to ( 10"5 M) carbachol caused a transient increase in Isc with maximal values 

within 2 minutes of 15.0 ± 3.2 uA/cm2 in biopsies from 7 patients. Isc-responses to 

serosally added 10~5 M forskolin were absent in duodenal tissues (N=5, at baseline Isc 

of 15.5 ± 4.4 uA/cm2). 

Baseline HRP-permeability was first evaluated in duodenal biopsies of the 2 adults 

and one child examined for reflux symptoms, who appeared to have no intestinal 

abnormalities and served as controls in this study. Per patient 2 to 3 biopsies were 

studied, and the time course of mucosal to serosal HRP permeation is shown in Fig. 1. 

duodenum N=3 

15 30 45 60 75 90 105120135150165180 

t (min) 

Fig. 1. Time course of HRP flux from mucosa to serosa in duodenal biopsies of 2 adults and one 

child examined for reflux symptoms, who had no intestinal abnormalities. Per patient 2 to 3 biopsies 

were studied, results were averaged to one value per patient (N = 3 patients). 

HRP-fluxes reached a steady state value of 8 to 12 pmol/cm2.h at 90 minutes after 

addition, and remained in the same range during the entire experimental period of 180 

minutes. At the end of the experiments tissues were fixed for electronmicroscopy. The 

transepithelial permeation of HRP appeared to be due to endocytosis and no tight 

junctional or lateral intercellular staining of HRP was observed by 

electronmicroscopical examination. 

Baseline HRP permeability was furthermore studied in duodenal biopsies of one adult 

Helicobacter pilori patient and of one child with cow's milk allergy, and in 

macroscopically normal ileal biopsies of 7 patients with an ileostomy or colostomy, of 

which 4 with Crohn's disease, 2 with Ulcerative Colitis and one with Poliposis Coli. A 

summary of the baseline electrical parameters and steady state HRP-fluxes in these 

experiments is given in table 1. 
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Patient male tissue age symptoms HRP resistance basai Isc HRP flux 
/fern. flux 

90-180 
(Ohm.cm2) (nA/cm2) + carb 

BU f duod 40 y reflux 9 19 87 nd 

KU f duod 35 y reflux 8 18 33 21 

BO m duod 10 y reflux 12 19 52 24 

ZU m duod 47 y helic pyl 25 16 41 nd 

TY f duod 3.5 y cma 38 13 66 nd 

BE m ileum 75 y polip col 21 22 83 23 

BB f ileum 72 y ulc colit 31 14 37 29 

CJ f ileum 52 y ulc colit 5 27 52 20 

BA m ileum 32 y crohn 18 26 97 8 

CH f ileum 28 y crohn 2 25 87 nd 

DI m ileum 69 y crohn 5 26 98 nd 

KY f ileum 33 y crohn 5 25 84 nd 

Table 1. Baseline electrophysiological parameters and HRP flux in the absence and presence of 
carbachol in duodenal and ileal biopsies from patients with heterogenous symptoms. HRP fluxes (in 
pmol/cm2.h) represent mean values from t = 90 - 180 minutes, in the absence or presence of 10"5 M 
carbachol. nd = not determined. 

Baseline values of R and Isc in the ileal biopsies (N=7) were respectively 23.6 ± 1.7 

Ohm/cm2 and 76.8 ± 8.8 pA/cm2, the Isc value being significantly higher than in 

duodenal biopsies (p < 0.01). HRP permeability in tissues with only endocytic uptake 

of HRP (evaluated by electronmicroscopy) was lower than 15 pmol/cm2.h. In some of 

the tissues with HRP fluxes above 15 pmol/cm2.h, paracellular staining of HRP was 

observed, namely in the duodenum of the Helicobacter Pilorii patient and of the child 

with cow's milk allergy, and in the ileum of one Crohn's disease patient and of one 

Ulcerative Colitis patient. 

In 6 experiments the effect of 10"5 M carbachol (added at t = 90 minutes) on HRP 
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permeability was examined. TTX 10"6M, bumetanide 10"4M and BaCl2 10"3M were 

added at t = 75 minutes, also to parallel tissue of the same patients without carbachol. 

Due to the skewed distribution of baseline HRP fluxes in these experiments, we made 

separate comparisons of carbachol effects in tissues with low (< 15 pmol/cm2.h) HRP 

fluxes (N=3) and in tissues with high HRP fluxes (N=3). 

contr N=3 
HOU carb t=90 N=3 

60 90 120 150 180 

t (min) 
Fig. 2. HRP flux from mucosa to serosa in the presence or absence of carbachol in duodenal and ileal 

biopsies from patients with low steady state HRP permeability. At t = 90 minutes, 10"5 M carbachol 

was added serosally. In the presence of carbachol HRP flux was significantly enhanced compared to 

control tissues from these patients (p < 0.05, N = 3 patients). 
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Fig. 3. HRP flux from mucosa to serosa in the presence or absence of carbachol in ileal biopsies from 

patients with high steady state HRP permeability. At t = 90 minutes, 10"5 M carbachol was added 

serosally. In the presence of carbachol HRP flux was not significantly different compared to control 

tissues from these patients (N = 3 patients). 

In the tissues with low steady state HRP permeability of 9 pmol/cm .h, carbachol 

induced a significant increase in HRP fluxes with 160 % at one hour after addition 
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(Fig. 2; p < 0.05). In contrast, in tissues with high HRP permeability of 23 pmol/cm2.h 

the application of carbachol had no significant effect on HRP fluxes (Fig. 3). 

Electronmicroscopical quantification of the carbachol-induced HRP permeability 

increase in Fig. 2 revealed an increased endocytosis, both in villi and in crypt 

enterocytes, as shown in Fig. 4. 
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Fig. 4. The sum of HRP-product filled endosomes per apical region of 24 um2 in villus and crypt 

enterocytes of duodenal and ileal biopsies from Fig. 2 at t = 180 minutes. In the presence of 10s M 

carbachol, added at t = 90 minutes, endocytic uptake of intact HRP was significantly increased (p < 

0.05), both in villus and in crypt enterocytes. 

In tissues with a low permeability to HRP, weak paracellular staining of HRP was 

only observed after carbachol addition in one of the 3 tissues. In tissues with high 

baseline permeability paracellular leak was observed in 2 control tissues and 2 

carbachol treated tissues. 

In a second set of experiments we examined baseline HRP permeability and 

electrophysiological parameters in duodenal biopsies of 10 children with chronic 

intractable diarrhea, including 3 children with microvillus inclusion disease (MVID). 

All children received a combination of enteral and parenteral nutrition. The children's 

age varied from 1 month to 12 years. One MVID patient was examined on two 

separate occasions. A summary of the HRP permeability data, electrical resistance and 

baseline short circuit current is given in table 2. In some biopsies short circuit current 

responses to 20 mM glucose, 10"4 M carbachol, and 10"4 M histamine were measured, 

and these values are also summarized in table 2. 

Baseline short circuit current and resistance in the MVID patients were comparable to 

values in duodenal biopsies of adults and also to values in the other chronic diarrhea 

patients, who served as disease controls. Glucose absorption in the MVID patients as 

judged by a change in short circuit current (46.0 ± 22.5 uA/cm2, all tested on first 
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patient male/ age symtoms HRP flux resistance basal Isc gluc carb his 
female 60-140 (Ohm.cm2) (uA/cm2) Isc Isc Isc 

MI m 7.5 y chr dia 22 20 54 39 61 45 

KO m 13 y mvid 27 9 78 89 nd nd 

KJ m 1 m mvid 27 19 34 36 10 15 

MO m lOy chr dia 24 19 36 36 19 53 

VD m i l y ehr dia 8 25 37 41 37 41 

SO f 6y chr dia 21 17 46 91 8 12 

BO m 5 m chr dia 6 35 35 143 42 32 

HE m 4y chr dia 8 17 36 68 34 11 

KO m 8m mvid 47 16 32 6 42 28 
2nd 
ST m 12y mvid 19 26 29 13 8 8 

RO V 3y chr dia 16 15 63 107 18 45 

Table 2. Baseline electrophysiological parameters and HRP flux in the absence and presence of 
carbachol in duodenal biopsies from patients with chronic diarrhea or microvillus inclusion disease. 
HRP fluxes (in pmol/cm2.h) represent mean values from t = 90 - 140 minutes, nd = not determined. 
Gluc = 20 mM glucose; carb = 10"4 M carbachol; his = 10"4 M histamine. 

occasion, or 41.0 ± 24.0 uA/cm2 including the average value of the patient tested upon 

two occasions) was also comparable to values in adult duodenal biopsies (66.0 ± 19.5 

uA/cm (N = 6)) and values in the other 7 diarrhea patients (75.0 ±15.3 uA/cm ). 

In these 7 diarrhea patients, duodenal biopsies of 4 children showed only endocytic 

uptake of HRP. In biopsies of 3 children with chronic diarrhea paracellular leak of 

HRP was occasionally observed, while paracellular leak of HRP was invariantly seen 

in biopsies of the MVID patients. A typical elecronmicrograph of paracellular leak of 

HRP in the MVID patients is shown in Fig. 5. 

One MVID patient was tested at a second occasion, paracellular leak of HRP was 

again observed and even aggravated, while at this time glucose-evoked Isc responses 

were decreased to a mean value of 6 uA/cm2 (range 0 - 19). This child died at the age 
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Fig. 5. Typical elecronmicrograph of a MVID patient's duodenal epithelium exposed to mucosal HRP 

for 120 minutes. Tight junction and lateral intercellular space are stained with HRP-product, 

indicating paracellular leak of intact HRP. 

of 16 months. The time course of HRP permeability in the duodenum of the 3 MVID 

patients (tested on first occasion) compared to values from Fig. 1 is shown in Fig. 6. 

Control (N=3) 
MVID (N=3) 

25 125 150 50 75 100 

t (min) 

Fig. 6. HRP flux from mucosa to serosa in duodenal biopsies of 3 MVID patients compared to HRP 

flux in duodenal biopsies of the patients from Fig. 1, who served as controls. HRP flux in the MVID 

patients was significantly enhanced after t = 80 minutes (p < 0.05). 
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While in control duodenal tissue a steady state permeability to HRP was reached 

within 90 minutes, HRP permeability did not reach a steady state value in the MVID 

patients during the study period of 120 minutes. At this time point HRP permeability 

in the MVID patients was significantly increased to 30.5 pmol/cm2.h, i.e. nearly four 

times the value in Fig. 1. 

contr N=3 
chr diarr N=4 
chr diarr 
+ SIEPIE N=4 
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M 

| 40-
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0- I I I I I 

0 25 50 75 100 125 150 
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Fig. 7. HRP flux from mucosa to serosa in duodenal biopsies of 4 patients with chronic diarrhea 

which only showed endocytic uptake of HRP, in the absence or presence of 4 g/1 of a substance 

named SIEPIE (added at t = 0 minutes). Control values are from tissues in Fig. 1. SIEPIE had no 

significant effect on duodenal HRP permeability in these diarrhea patients, and HRP fluxes in these 

patients were not significantly different from values in Fig. 1. 

•-• 50 Control (N=3) 
mvid, ehr d (N=3) 
mvid, ehr d 
+ SIEPIE (N=3) 

75 100 125 150 

t (min) 
Fig. 8. HRP flux from mucosa to serosa in duodenal biopsies of 2 MVID patients and one chronic 

diarrhea patient which clearly showed paracellular leak of HRP, in the absence or presence of 4 g/1 

of a substance named SIEPIE (added at t = 0 minutes). Control values are from tissues in Fig. 1. After 

t = 80 minutes, HRP fluxes in these patients were significantly different from values in Fig. 1 (p < 

0.05). SIEPIE significantly reduced duodenal HRP permeability in these MVID and diarrhea patients 

(p < 0.05) to values comparable to controls. 
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In 7 duodenal biopsies of 5 patients with chronic diarrhea and 2 patients with MVID a 

substance, here called SIEPIE, was luminally added to a final concentration of 4 g/1. In 

biopsies of 4 patients with chronic diarrhea who only showed endocytic uptake of 

HRP, the application of SIEPIE was without any detectable effect on HRP 

permeability, as shown in Fig.7. 

In contrast, in biopsies of one chronic diarrhea patient and 2 MVID patients with 

paracellular leak of HRP, the application of SIEPIE fully restored the increased HRP 

permeability to a level comparable to control values, as shown in Fig. 8. 

Electronmicroscopic examination of these 3 biopsies revealed that there was neither 

tight junctional nor lateral intercellular staining of HRP detectable in the presence of 

SIEPIE. No differences were observed in endocytic uptake of HRP in the absence or 

presence of SIEPIE, and also electrical resistance and baseline short circuit current 

were not affected by the application of SIEPIE. 

DISCUSSION 

Viability of the methods used in the present study 

A major difference between our study and other in vitro examinations of human small 

intestine is that we obtained our material with regular forceps during endoscopy 

allowing an exposed area of 1.75 mm2 in adults or 1.10 mm2 in children under 5 years. 

Most other investigators used aspiration biopsies or resection material, allowing an 

exposed surface area of 3.1 mm2 or more. Electrophysiological parameters of the latter 

studies are listed in Table 3. 

Comparison of our baseline R- and Isc-values in duodenum and ileum from the 

present study to those in table 3 shows that our values are in the same range, except for 

our smaller resistance values in ileal biopsies. This may be due to a larger fragment of 

adherent submucosal tissue in stripped resection material compared to forceps 

biopsies. Also the duodenal responses to 10 mM glucose in our study are comparable 

to those in Table 3. 

Moreover, the steady-state HRP fluxes in the present study (Fig. 1) are fully 

comparable to earlier findings by Heyman (1988), who reported a value of 5.9 ± 1.2 

pmol/cm2.h (N=15, surface area: 10 mm2) at 100 minutes after addition of 10"5 M 

HRP, compared to a value of 7.5 ± 1.4 pmol/cm2.h at the same timepoint in the 

present study. Majamaa (1996) reported a higher HRP flux in children's duodenum of 
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author tissue area type n Isc; R; glue; Ach; His; 
sem sem sem sem sem 

Reims duod 3.1 biopsy 15 71; 14; 60; 50; nd 

Malin duod 10 biopsy 14 24; 27; nd nd nd 

Majamaa duod 5 biopsy 15 29; 19; nd nd nd 

Taylor jejun 3.1 biopsy 6 52; 
8 

33; 
6 

33; 
9 

28; 
7 

nd 

Heyman jejun 10 biopsy 18 30; 
4 

26; 
5 

nd nd nd 

Berschneider jejun 50 resect 5 15; 36; 
6 

75; 
17 

nd nd 

Corbett ileum 177 resect 48 90; 
6 

40; 
3 

nd nd nd 

Crowe ileum 60 resect 21 68; 
4 

42; 
2 

nd nd 27; 
5 

Table 3. Literature data of electrophysiological parameters in Ussing chamber studies of human 

small intestinal resection material (resect) or biopsies. Area = serosal surface area in mm2; Isc values 

are in uA/cm2; R = transepithelial resistance (Ohm.cm2); Glue = Isc response to 10 mM glucose; ach 

= Isc response to 10"3 M acetylcholine; his = Isc response to 10"4 M histamine; nd = not determined. 

23 (12 - 33) pmol/cm2.h (95 % CI; N=15). However, the same group (Malin 1996) 

reported a much smaller flux of intact HRP 1.1 (0.8 - 1.6) pmol/cm2.h in adults (N=9), 

whith only 0.7 % of total HRP uptake transported in an intact form. This value is very 

small compared to transport of intact HRP found in their other study (3 %), and is also 

very small compared to transport values of intact macromolecules reported by Heyman 

et al. (1982, 1988, 1992; Saidi 1995) in animal and human studies (3 to 12 %). Taking 

into account that our study was performed with the same methods as previously 

developed by Heyman et al. (1988), and that electronmicroscopic examination of our 

adults and childrens tissues with HRP fluxes of about 8 pmol/cm2.h showed a similar 

level of endocytosis of HRP, we feel justified to conclude that our results with routine 

forceps biopsies and small surface areas are reliable. 

Effects ofcarbachol on small intestinal HRP permeability 

Previously we reported an increased HRP permeability after carbachol addition in rat 
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ileum, which appeared to be accompanied by a transient increase in endocytic uptake, 

but also by a significant paracellular leak of HRP (Bijlsma 1996). In the present study 

carbachol induced an increase in HRP permeability in tissues with normal HRP flux 

(Fig. 2), which appeared to be caused mainly by an increased endocytic uptake, as 

judged from electronmicroscopic examination (Fig. 4). In contrast to results in rats, the 

increased endocytosis in human intestine was still apparent at 90 minutes after 

addition of carbachol, and no obvious paracellular leak of HRP was detectable. One 

possible explanation may be that 10"5 M carbachol in rat ileum causes a maximal 

change in Isc (Bijlsma et al, unpublished observations), while in human small intestine 

10"4 M carbachol is needed for a maximal increase in Isc. The carbachol-induced Isc 

was 15.0 ± 3.2 uA/cm2 (N=7) using 10"5 M, whereas these values were 39.3 ± 16.2 

uA/cm2 after 10"4 M carbachol in duodenal tissue from 2 non-diarrhea patients. Other 

studies report mean values of 50 uA/cm2 (Reims; N=15) for human duodenum and 28 

± 7 uA/cm2 (Taylor; N=6) for human jejunum after addition of 10"3 M acetylcholine. 

The absence of duodenal electrical responses upon addition of forskolin in our 

experiments confirms the finding of Reims et al using c-AMP in proximal human 

duodenum. 

In tissues with high baseline HRP fluxes 10"5 M carbachol had no significant effect on 

HRP permeability (Fig. 3). A possible explanation is that similar intracellular 

messenger pathways as stimulated by carbachol (Ca2+ and PKC) are already activated 

in the tissues with high HRP fluxes. This may be due to a high cholinergic tone which 

was observed in vivo in human small intestine (Morris 1980) and in vitro in resected, 

histologically normal human ileum from Ulcerative Colitis, Crohn's disease and 

Poliposis Coli patients (Hubel 1982). Alternatively, it may be that these tissues have 

increased cytokine levels, as seen in inflammatory bowel disease and in cow's milk 

allergy (Heyman 1994). Further studies using atropine are required to elucidate wether 

an increased cholinergic tone is the underlying mechanism of the high baseline HRP 

pemeability, as we observed in guinea pig jejunum (chapter 8). 

The finding that the ileum of some inflammatory bowel disease patients showed a 

normal HRP flux, indicates that the ileostomy per se does not cause a high baseline 

HRP permeability. An increased macromolecular permeability was observed in non-

inflamed ileal tissue of only one of 4 Crohn's patients tested. Also Malin (1996) 

observed an increased HRP permeability in macroscopically normal duodenal biopsies 

of Crohn's patients only when they showed moderate to severe disease activity. 
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HRP permeability in children with chronic diarrhea and microvillus inclusion disease 

In the 7 non-MVID patients with chronic diarrhea a normal, only endocytic 

transcellular transport of HRP was seen in 4 patients, with a mean flux value of 9.3 ± 

2.3 pmol/cm2.h (range 5 -16), comparable to control values in Fig. 1. In the 3 other 

patients additional paracellular leak of HRP was observed, with a mean flux value of 

22.5 ± 0.9 pmol/cm2.h, which is significantly different from the other 4 patients and 

from the patients shown in Fig. 1 (p < 0.05). This indicates that an increased HRP-

permeability is not necessarily a side-effect of chronic diarrhea. On the other hand, it 

does not exclude that an increased macromolecular permeability is a contributing 

factor in the etiology of chronic diarrhea. 

No differences were observed in baseline Isc, resistance and glucose-evoked Isc 

beween these subgroups. Also Isc-responses to 10"4 M carbachol (resp. 32.8 ±5.2 

(N=4) and 29.3 ±16.1 uA/cm2 (N=3)) or histamine (resp. 32.2 ± 7.6 (N=4) and 36.7 ± 

12.5 uA/cm (N=3)) were not different between both diarrhea-subgroups. As we only 

measured Isc-responses to 10"4 M carbachol or histamine in 2 controls (resp 39.3 ± 

16.2 and 11.3 ± 0.2 uA/cm2) we cannot conclude whether the Isc-values in the 

chronic diarrhea patients are increased. Isc responses to 10"3 M acetylcholine from 

reports cited earlier are comparable to our data with 10"4 M carbachol. Comparison of 

10" M histamine-evoked Isc-values to values observed in human ileum by Crowe et 

al. (27.3 ± 5.3 uA/cm2, N=7) suggests that they may also be in the normal range, but 

more control values from duodenal tissues are needed to verify this. If confirmed, this 

implies that in the 4 chronic diarrhea patients with only endocytic uptake of HRP no 

abnormalities in their proximal small intestinal function are observed at all in all our 

test parameters. One possibility is that in these patients the primary reason of their 

diarrhea resides in an inadequate reabsorption of water and electrolytes in their large 

intestine, which needs further investigation. 

The baseline Isc- and resistance-values observed in duodenal biopsies from the 3 

MVID patients were not significantly different from controls or from values of the 7 

other patients with chronic diarrhea, which served as disease controls. Isc-responses to 

carbachol and histamine were only measured in 2 MVID patients, but their values 

were also in the same range as those in disease- or healthy controls. An important 

finding is that the electrical responses to glucose in the MVID patients were also not 

significantly different from controls or from disease controls. Although the values in 

the MVID patients tended to be lower, there still is a marked capacity of the 
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enterocytes to transport glucose, and thus a sufficient presence of glucose carriers in 

the apical cell membranes. Their presence may be impaired in aggravated states of this 

disease, as observed in the patient tested twice, but the inadequacy of the small 

intestine to absorb glucose cannot be regarded as the primary factor causing the 

diarrhea in MVID patients, in contrast to suggestions by Schmidz (1982) and Rhoads 

(1991) from single case studies. 

This brings us to the finding of an increased macromolecular permeability in MVID 

patients as a factor that may contribute to the diarrhea in these patients. An increased 

HRP flux was observed in all 3 patients examined, and this result appeared to be 

reproducible in one patient tested twice. Moreover, the increased HRP flux showed 

only a small variation between the 2 to 3 biopsies tested per patient. This variation was 

in general larger in other patients with increased macromolecular permeability, in 

which also a more patchy pattern of paracellular HRP-staining was observed by 

electronmicroscopic examination compared to a more even distribution in the tissues 

of the MVID patients. Interestingly, the formation of inclusions of microvilli has been 

suggested to be a result of abnormalities in the enterocyte cytoskeleton. Garruthers et 

al. (1985) have shown a decreased amount of myosin and vinculin, and Cutz (1989) 

observed decreased staining of actin in MVID patients. These cytoskeletal proteins are 

also intimately associated with the tight junctional complex and are associated with the 

regulation of paracellular permeability (Anderson and Van Italie, 1995). Thus the 

increased paracellular leak of HRP in MVID patients is likely due to the same 

abnormalities in the cytoskeleton as the assembly of inclusions of microvilli. 

The loss of barrier function seen in the duodenum of MVID patients and other patients 

with chronic diarrhea will presumably lead to an increased, non-regulated antigenic 

load to the immune system. This may induce an immunological hyperresponsiveness, 

which may be a major stimulating factor for water and electrolyte secretion and thus 

contribute to the diarrhea observed in these patients. In this context our finding that 

substance SIEPIE was able to block the excessive tight junctional leak of HRP in 

duodenal tissues of these patients may be of substantial importance. As SIEPIE did not 

influence the endocytic uptake of HRP, it is unlikely to interfere with normal 

physiological uptake of luminal antigens. This substance, which was also effective in 

blocking the previously reported (Bijlsma 1996) carbachol-induced paracellular HRP 

permeability increase in rat ileum in vitro (Bijlsma et al., unpublished observations), 

may therefore be a valuable tool in determining the role of increased paracellular 



140 Section III; Chapter 9 

macromolecular leak in the induction of sensitization to luminal antigens. Moreover, 

SIEPIE may, if applicable in vivo, restore the intestinal barrier defect in MVID, 

chronic diarrhea and possibly also other intestinal disorders. If so, SIEPIE may 

provide a new and promising tool in the clinical management of a subset of intestinal 

diseases associated with macromolecular permeability defects in macroscopically 

normal segments. 
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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 



146 Chapter 10: Summarizing Discussion  

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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SAMENVATTING 

De functie van het darmepitheel is complex. Enerzijds moet het alle benodigde 

voedingsstoffen absorberen uit het lumen, anderzijds heeft het een barrièrefunctie 

tussen het lumen en de bloedzijde. De barrièrefunctie is van groot belang, gezien het 

grote aantal parasieten, virussen en bacteria en hun gifstoffen die zich in het lumen 

bevinden, naast potentieel antigene, onvolledig verteerde voedselfragmenten. Het is 

dus begrijpelijk dat organismen een complex barrièresysteem hebben ontwikkeld. Dit 

systeem omvat de lage pH in de maag, de peptidasen die worden afgegeven door 

klierachtige structuren in het darmlumen, en de slijmlaag, die als een fysische barrière 

kan fungeren, en de peristaltiek die onverteerde voedselbestanddelen en bacteriën 

richting dikke darm transporteert. Lumen en slijmlaag fungeren ook als een substraat 

waar bijvoorbeeld afgegeven immunoglobulines interactie aan kunnen gaan met 

luminale antigenen, bacteriën en virussen. De enkelvoudige cellaag die de 

basaalmembraan bedekt en de cellen in de lamina propria kunnen worden beschouwd 

als de cellulaire effectoren die betrokken zijn bij het onderhouden van de 

barrièrefunctie. 

Het werk dat in dit proefschrift wordt beschreven is gericht op de epitheliale cellaag. 

Deze bestaat uit een groot aantal verschillende celtypen, die worden vernieuwd via een 

continue aanvoer vanuit de crypten naar de toppen van de villi. Tijdens de 

ontwikkeling van cryptcellen naar villuscellen verkrijgen zij nieuwe eigenschappen. 

Zo kunnen bijvoorbeeld alleen de villuscellen monosacchariden en aminozuren 

transporteren tegen een gradiënt van lumen naar celinterieur in, door gebruik te maken 

van de Na+ gradiënt. 

Een ander ontwikkelingsverschil is dat de tight junctions (kitlijsten) tussen cryptcellen 

minder strengen hebben en beschouwd worden als meer doorlaatbaar dan de tight 

junctions tussen de villuscellen. Er is nog steeds een discussie gaande over de vraag of 

de epitheelcellen tijdens hun rijping tot villuscellen hun Cl" secretiecapaciteit, de 

drijvende kracht voor watersecretie, verliezen. Uit electrofysiologische en 

immunocytochemische gegevens blijkt echter dat villuscellen en bovenliggende cellen 

in het colon ook Cl" afgeven. Bovendien zijn de Cl" kanalen die betrokken zijn bij Cl" 

secretie ook aanwezig in het villusepitheel en in bovenliggende cellen van het 

colonepitheel, tenminste in een deel van deze cellen. 
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Transport van voedingsstoffen 

Na orale opname worden voedselfragmenten afgebroken tot kleine moleculen door 

enzymen, die aanwezig zijn in mondslijm, maagslijm, in secreties van pancreas en 

galblaas, en door andere die aanwezig zijn op het oppervlak van het darmepitheel. In 

de dikke darm worden voedselfragmenten ook afgebroken door bacteriën. Uit een 

groot aantal publicaties kan worden afgeleid dat transport van kleine 

voedselmoleculen van het lumen naar de bloedzijde afhankelijk is van diffusie en van 

specifieke transportprocessen. De laatste zgn. carrier-gemedieerde processen zijn 

meestal direct of indirect gekoppeld aan de electrochemische gradiënt voor Na+, die in 

stand gehouden wordt door basolateraal gelokaliseerde adenosinetrifosfaat 

afhankelijke Na+K+-pompen. Naast dit actief transport bestaan er ook gefaciliteerde 

carrier-transportmechanismen, die gekoppeld zijn aan het concentratieverschil van 

nutriënten tussen het lumen en het epitheelcelinterieur. Men veronderstelt dat de 

diffusie plaatsvindt door waterige poriën in de membranen of door zulke poriën in de 

tight junctions, en voor lipofiele stoffen door de lipide laag van de membranen. Het 

transport van vet geschiedt onder meer door de formatie van micellen door galzuren, 

die vervolgens diffunderen door de waterige mucuslaag, alvorens opname door het 

epitheel plaatsvindt. 

Watertransport 

Men gaat ervan uit dat watertransport passief plaatsvindt van het (micro)gebied met 

lagere osmolariteit naar het (micro)gebied met hogere osmolariteit. Dus zal het 

transport van opgeloste stoffen over een waterdoorlaatbare barrière een waterstroom in 

dezelfde richting genereren. Deze veronderstelling is moeilijk aan te tonen, aangezien 

men in de meeste experimentele situaties een netto watertransport kan waarnemen 

zonder dat er een osmotische gradiënt aan te tonen is tussen de oplossingen aan beide 

kanten van het epitheel dat het water transporteert, en het veronderstelde verschil in 

osmolariteit van (micro)gebieden moeilijk te meten is. De meeste pogingen om 

concentraties van opgeloste stoffen in de laterale ruimte tussen de cellen te meten 

hebben echter verhoogde zoutcencentraties aangetoond. Water wordt getransporteerd 

via waterkanalen in recent ontdekte proteïnen in het membraan, de zogenoemde 

aquaporines en mogelijk ook via co-transport in proteïnen die tot voor kort als 

specifiek werden beschouwd voor Na+ gekoppeld glucosetransport. Verder kan 

watertransport plaatsvinden via poriën in de tight junctions. 



Samenvatting 159 

Naast de passieve diffusie van opgeloste stoffen moet de mogelijkheid worden 

overwogen dat opgeloste moleculen worden meegesleept door de waterstroom door 

poriën, waarvan de afmetingen dit toelaten. Dit proces wordt solvent drag genoemd. 

Als de waterstroom door een barrière een grotere snelheid heeft dan de erin opgeloste 

stoffen, zal dit bovendien hun concentratie verhogen aan de kant van de barrière waar 

het water vandaan komt en verlagen aan de andere kant. Dit effect zal de 

diffusiegradiënt voor de opgeloste stoffen vergroten en wordt het solute concentration 

effect genoemd. Aldus kan het transport van water van het lumen door het epitheel 

naar de bloedzijde het transport van opgeloste stoffen beïnvloeden. 

Macromoleculair transport 

Normaal gesproken zijn de tight junctions ondoorlaatbaar voor grote moleculen, en 

worden essentiële macromoleculen, zoals Epidermal Growth Factor en 

Immunoglobuline G uit moedermelk, getransporteerd via specifieke receptor-

gemedieerde endocytose. Niet-essentiële, potentieel antigene grote moleculen worden 

normaal gesproken in zeer kleine hoeveelheden opgenomen vanuit het lumen, alleen 

via niet-specifieke endocytotische processen: gespecialiseerde, zogenoemde M-cellen 

hebben minder microvilli en vertonen een hoge endocytotische activeit. Hun 

gespecialiseerde functie is uitgebreid bestudeerd, en vooral hun nauwe associatie met 

onderliggende lymfocyten suggereert dat zij een sleutelrol spelen in de sampling van 

de darminhoud en de gecontroleerde aanbieding ervan aan het immuunsysteem. 

Enterocyten (transportcellen) in het epitheel vertonen echter ook endocytotische 

activiteit en hoewel de meeste macromoleculen na opname worden afgebroken in 

intracellulaire lysosomale compartimenten, kan een klein, maar significant deel ervan 

in intacte vorm worden getransporteerd. Dus kunnen enterocyten ook een rol spelen in 

het presenteren van luminale antigenen of hun fragmenten aan het immuunsysteem. 

De algemene opvatting is dat wanneer deze antigenen of hun immunogene 

afbraakprodukten aan het immuunsysteem worden gepresenteerd via deze wegen in 

normale fysiologische condities, het organisme een zogenaamde orale tolerantie voor 

deze luminale stoffen kan ontwikkelen. Dat wil zeggen dat een latere blootstelling aan 

deze stoffen geen immuunreactie teweegbrengt, zelfs niet in het geval van systemische 

blootstelling. 

Het is echter duidelijk dat zelfs een kleine afname van de barrièrefunctie van het 

darmepitheel aanleiding kan geven tot een verhoogde antigene belasting, die de 

capaciteit van homeostatische mechanismen te boven gaat, wat kan leiden tot orale 
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intolerantie, anaphylactische reacties of ontstekingsreacties. Het is dus duidelijk dat 

het meten van de doorlaatbaarheid van het epitheel, d.w.z. van zijn barrièrefunctie, 

belangrijk is om mogelijke epitheliale defecten te relateren aan klinische symptomen. 

Klinische permeabiliteitstesten 

De meest gebruikte niet-invasieve klinische permeabiliteitstesten zijn de zgn. "dubbel 

suiker" testen en testen die gebruik maken van mengsels van polyethyleenglycolen 

met een laag molecuulgewicht. Tegenwoordig worden deze testen veelvuldig gebruikt 

als een diagnostisch middel voor de barrièrefunctie van de darmwand. De dubbel 

suiker test detecteert de uitscheiding in de urine van oraal ingenomen, passief 

geabsorbeerde, niet gemetaboliseerde disaccharides en hexose suikers, meestal 

lactulose of cellobiose en mannitol of rhamnose. Bij gebruik van de dubbel suiker test 

wordt de urine-uitscheiding van lactulose (molecuulgewicht 342) beschouwd als een 

indicatie voor de doorlaatbaarheid van de tight junctions van het epitheel 

(paracellulaire doorlaatbaarheid). Om te compenseren voor individuele variaties in 

maagontledigingstijd en dunne darm passagetijd (peristaltiek) wordt de uitscheiding 

van lactulose uitgedrukt in verhouding tot de uitscheiding van het kleinere suiker 

mannitol (molecuulgewicht 182). Een toegenomen verhouding wordt beschouwd als 

een indicatie voor verhoogde doorlaatbaarheid van de darmwand. Toegenomen 

verhoudingen zijn gerapporteerd bij verschillende darmziekten, onder meer coeliakie, 

de ziekte van Crohn, virale enteritis en voedselallergie. De basale mechanismen die de 

doorlaatbaarheid van zulke teststoffen van verschillende groottes reguleren worden 

echter nog steeds niet volledig begrepen en blijven onderwerp van controverses in de 

interpretatie van deze testen. Ook de relatief hoge urine-uitscheiding van PEG's 

vergeleken bij suikers van hetzelfde molecuulgewicht heeft geleid tot discussie over 

de invloed van lipofiliciteit op de doorlaatbaarheid van PEG's. 

Korte inhoud van dit proefschrift 

Het eerste deel van dit proefschrift gaat over een veel gebruikte klinische test voor 

doorlaatbaarheid, de zgn. dubbel suiker test (bijv. de lactulose/mannitoltest en 

varianten daarop). De gebruikte stoffen worden oraal toegediend, zij worden niet 

gemetaboliseerd door het organisme en hun uitscheiding in de urine wordt gebruikt als 

een indicatie voor de hoeveelheid die de darmbarrière kan passeren, en aldus voor hun 

doorlaatbaarheid. 
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Hoofdstuk 2 geeft een uiteenzetting van de achtergrond van het extreem grote verschil 

(40 x) in doorlaatbaarheid tussen mannitol en lactulose. 

Op grond van vergelijkingen van de verhouding van deze stoffen in de urine van 

verschillende soorten dieren (in vivo) en deze transportverhouding in geïsoleerd 

darmweefsel (in vitro) veronderstelden wij dat het grote verschil in urine-uitscheiding 

tussen mannitol en lactulose te wijten was aan een extra drijvende kracht voor 

mannitoltransport, naast de diffusiegradiënt. Wij veronderstelden dat deze extra 

drijvende kracht het gevolg van solvent drag was, die gegenereerd wordt door de 

waterstroom van het lumen naar de villi ten gevolge van een osmotische gradiënt. 

Deze gradiënt kan worden gegenereerd en gehandhaafd door een tegenstroom 

versterkingssysteem, dat wordt gevormd door de tegenstroom uitwisselings

configuratie van de bloedvaten in de villi en het actief zouttransportmechanisme in de 

enterocyten. Solvent drag heeft alleen effect op moleculen die de poriën daadwerkelijk 

kunnen passeren, zoals mannitol, en mogelijk niet op de grotere lactulosemoleculen. 

Aldus kan de noemer in de lactulose/mannitol verhouding beïnvloed worden door het 

tegenstroom versterkingssysteem. Een vermindering van de mannitol urine-

uitscheiding zou dan aangeven dat dit systeem minder effectief is. Een aantal klinische 

symptomen wordt genoemd waarbij de lactulose/mannitol verhouding niet is vergroot 

door een verhoogde lactulosedoorlaatbaarheid, maar door een verlaagde 

mannitoldoorlaatbaarheid, waarschijnlijk ten gevolge van verminderd actief 

zouttransport, veranderingen in bloedtoevoer of verkorting van de villi. 

In hoofdstuk 3 hebben wij deze hypothese getoetst door luminale perfusie 

experimenten in segmenten met intacte bloedvoorziening van de dunne darm van de 

kat, een diersoort met een efficiënt tegenstroom versterkingssysteem, dat vergelijkbaar 

is met dat van de mens. Perfusie oplossingen met variërende Na+ en glucose 

concentraties werden gebruikt om verschillen in tegenstroomversterking te 

veroorzaken, resulterend in verschillen in wateropname. Wij vonden een correlatie 

tussen de mannitol klaring uit het lumen en de wateropname, maar geen effect van 

watertransport op de klaring van Cr-EDTA, een molecuul met een vergelijkbare 

moleculaire diameter als lactulose. Wij concluderen dat deze resultaten onze 

hypothese, zoals gesteld in hoofdstuk 2, bevestigen. 

Een andere groep doorlaatbaarheidsindicators, die veel worden gebruikt in de 

klinische praktijk, zijn mengsels van polyethyleenglycolen (PEGs) van laag 

molecuulgewicht (300-700 D). Een controverse bij de interpretatie van de urine 

uitscheiding van deze PEGs is dat zij, ondanks hun hogere molecuulgewicht 

uitscheidingskarakteristieken vertonen die vergelijkbaar zijn met die van mannitol. Dit 
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wordt enerzijds toegeschreven aan de lineaire vorm van deze moleculen, anderzijds 

aan het feit dat hun lipofiliciteit hoger is dan die van mannitol. In het vierde hoofdstuk 

hebben wij het effect van watertransport gemeten op de klaring van verschillende 

molecuulgroottes van PEG, en wij hebben deze vergeleken met de klaring van een 

veel lipofielere stof, polypropyleenglycol (PPG), wederom in de luminaal 

geperfuseerde dunne darm van de kat. Wij tonen aan dat wateropname de klaring van 

kleinere PEG moleculen sterk beïnvloedt. Uit de vergelijking van de klaring van PEGs 

en PPGs concluderen wij dat de hoge doorlaatbaarheid van PEG niet te wijten is aan 

de hogere lipofiliciteit van PEG, vergeleken met mannitol. De hogere lipofiliciteit van 

kleinere PEG moleculen kan desondanks wel een rol spelen in het verdelingsvolume 

in het lichaam, wat mogelijk kan verklaren waarom de urine uitscheiding van kleine 

PEG moleculen onvolledig is. Wij bevelen dan ook aan om veel grotere 

molecuulgewichten van PEG te gebruiken als doorlaatbaarheidsindicator. 

In het tweede deel van dit proefschrift hebben wij geprobeerd de doorlaatbaarheid van 

de geïsoleerde dunne darm te moduleren, in het bijzonder voor grote moleculen die 

antigene activiteit kunnen vertonen. Als modulatoren hebben wij secretie inducerende 

stoffen gebruikt, forskoline als equivalent voor vasointestinaal peptide en carbachol 

als equivalent voor acetylcholine. Deze twee soorten stoffen kunnen worden 

beschouwd als voorbeelden van activatoren van de twee meest belangrijke 

intracellulaire routes die tot Cl" secretie kunnen leiden en daarmee tot watersecretie. 

Deze studie heeft als achtergrond de klinische observatie dat diarrhée soms is 

gerelateerd aan de ontwikkeling van verhoogde doorlaatbaarheid voor 

macromoleculen en allergische sensibilisatie voor voedselantigenen. Een tweede reden 

is dat secretie veroorzakende stoffen in experimenten met geïsoleerd darmweefsel in 

vitro een verandering in de elektrische weerstand van het epitheel kunnen 

veroorzaken. 

In hoofdstuk 5 beschrijven wij dat activatie van de intracellulaire cAMP route door 

forskoline de Cl" geleidbaarheid van de tight junctions kan verhogen, naast de activatie 
T i 

van het cellulaire Cl" secretiemechanisme. Activatie van de intracellulaire Ca en 

PKC route met carbachol had geen effect op de Cl" geleidbaarheid van de tight 

junctions, terwijl het cellulaire Cl" secretiemechanisme wel wordt geactiveerd. De 

fysiologische functie van verhoogde Cl" geleidbaarheid van de tight junctions is tot op 

heden niet duidelijk. 

In hoofdstuk 6 laten wij zien dat activatie van de Ca2+ en PKC route met carbachol de 

doorlaatbaarheid voor macromoleculen in de geïsoleerde rattendarm kan verhogen, 

maar dat de activatie van de cAMP route met forskoline hierop geen effect heeft. Deze 
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verhoogde doorlaatbaarheid blijkt gerelateerd te zijn aan activatie van muscarine 

receptoren in het epitheel door carbachol. De verhoogde doorlaatbaarheid voor 

macromoleculen blijkt vooral plaats te vinden via de tight junctions en in mindere 

mate via verhoogde endocytose. Een tweede conclusie uit observaties in de 

hoofdstukken 5 en 6 is dat de verhoogde doorlaatbaarheid voor macromoleculen niet 

noodzakelijk gerelateerd is aan een afname in de elektrische geleidbaarheid van het 

epitheel, zoals veelvuldig wordt verondersteld. 

In hoofdstuk 7 wordt de algemeenheid van het carbacholeffect op de 

macromoleculaire doorlaatbaarheid van de dunne darm onderzocht in een andere 

diersoort, de cavia. De dieren werden gesensibiliseerd voor koemelk om de mogelijke 

interactie te onderzoeken tussen de verhoogde doorlaatbaarheid geïnduceerd door 

carbachol en de verhoogde doorlaatbaarheid geïnduceerd door mestcelprodukten uit 

gesensibiliseerde mestcellen, die eerder is aangetoond door Heyman. Wij 

constateerden dat de paracellulaire doorlaatbaarheid voor macromoleculen in de dunne 

darm van cavia's zowel door carbachol als door mestcelprodukten werd verhoogd. Bij 

maximale activatie zijn deze effecten niet additief, wat suggereert dat carbachol en 

mestcelprodukten in de enterocyten dezelfde intracellulaire routes activeren. Verder 

laten wij zien dat de dunne darm van de cavia een hoge cholinerge tonus heeft, wat 

mogelijk de gevoeligheid van deze soort voor orale sensibilisatie met 

voedingsantigenen kan verklaren. 

Uitgaande van de genoemde effecten van carbachol veronderstelden wij, dat wanneer 

dieren stress ondervinden, dit kan leiden tot activatie van het darmzenuwstelsel, 

hetgeen op zijn beurt een verhoogde doorlaatbaarheid voor macromoleculen teweeg 

zou kunnen brengen. Een effect van acute immobilisatiestress op de doorlaatbaarheid 

van de darm voor Cr-EDTA en op Cl" secretie van de darm was eerder bij ratten 

aangetoond door Saunders et al. 

In hoofdstuk 8 hebben wij bij ratten het effect onderzocht van verschillende niveaus 

van subchronische geluidsstress op de doorlaatbaarheid van de dunne darm voor 

macromoleculen. Het bleek dat dieren die werden blootgesteld aan witte ruis met een 

niveau van 95 dB een verhoogde macromoleculaire doorlaatbaarheid vertoonden, die 

vooral door een verhoogde endocytose tot stand kwam. 

In het derde deel van dit proefschrift (hoofdstuk 9) geven wij een overzicht van de 

resultaten van in vitro transportstudies, gebruikmakend van humane dunne 

darmbiopten met een zeer klein oppervlak (1,1 mm2). De belangrijkste conclusies uit 

deze experimenten zijn 1) dat het mogelijk is om deze zogenoemde endoscopische 

knip-biopten te gebruiken voor dergelijke studies, 2) dat carbachol ook in humane 
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biopten de doorlaatbaarheid voor macromoleculen kan verhogen, 3) dat een spontane 

verhoogde doorlaatbaarheid voor macromoleculen op kan treden bij een deel van de 

patiënten met chronische diarrhée zonder duidelijke oorzaak, 4) dat ook kinderen met 

microvillus inclusion disease een verhoogde paracellulaire doorlaatbaarheid voor 

macromoleculen vertonen en 5) dat deze verhoogde paracellulaire doorlaatbaarheid 

althans in vitro geblokkeerd kan worden door een niet nader gespecificeerde stof, hier 

genoemd SIEPIE, waar wij in het kader van dit proefschrift niet nader op in zullen 

gaan. 
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DANKWOORD 

Deze bladzijden wil ik graag gebruiken om iedereen te bedanken die op enigerlei 

wijze bij de totstandkoming van dit proefschrift betrokken is geweest. Ik realiseer me 

dat dat nog een hele klus wordt, aangezien ik de afgelopen tien jaar overal en nergens 

gewerkt heb. Daarom lijkt het mij verstandig om het in historische volgorde aan te 

pakken, in de hoop dat ik niemand zal vergeten, waarvoor bij voorbaat excuus. 

Allereerst wil ik hierbij mijn ouders bedanken, die mij altijd gestimuleerd hebben om 

door te leren, waarvoor zij zelf nooit de kans hebben gehad. Ik zou natuurlijk niets 

liever hebben gewild dan dat zij de totstandkoming van dit proefschrift nog mee 

hadden kunnen maken en draag het daarom aan hen op. Ook wil ik hier noemen 

muoike Tjitske en omke Maarten Visser, die mij door het eindexamenjaar aan het 

Christelijk Gymnasium in Leeuwarden heen hebben gesleept. Muoike Tjitske, ik dank 

u voor uw nimmer aflatende belangstelling in de afgelopen jaren en ik verheug mij bij 

voorbaat op uw aanwezigheid bij de verdediging van dit proefschrift. 

Van mijn doctoraalstudie zijn mij vooral de wijze lessen van professor Johan Blok 

(VU) bijgebleven en de vuurdoop voor mondelinge presentatie die professor David de 

Wied (RUU) mij heeft gegeven. Ik wil echter vooral dr. Jack Groot bedanken dat hij 

mij tijdens en na mijn doctoraalstudie de kans heeft gegeven om mij te bekwamen in 

de darmfysiologie. Jack, door de opleiding die jij me hebt gegeven kon ik in 1991 als 

toegevoegd onderzoeker worden toegevoegd aan de toen nog jonge honden club van 

Kindergastroenterologie en Voeding op het AMC, waarmee ik een unieke periode heb 

mogen meemaken. 

Jan Dekker, Edmond Rings, Erik van Beers en Kristien Tytgat, jullie waren de eerste 

generatie van deze onderzoeksgroep en ik wil jullie allen danken voor de bijzondere 

manier waarop jullie me hebben gestimuleerd om een darmfysiologisch laboratorium 

op te bouwen. Hans Büller, jouw wetenschappelijk inzicht en enthousiasmerende 

opstelling hebben veel bijgedragen aan de sfeer waarin ik mijn werk kon doen. Jan 

Taminiau, jij bent het geweest die mij de vrijheid heeft gegeven om naar eigen(wijs) 

inzicht mijn onderzoeksonderwerpen te kiezen en ik ben je daar bijzonder dankbaar 

voor. Jij hebt er ook voor gezorgd dat ik mijn eerste internationale ervaring op kon 

doen in het lab van professor Jehan-François Desjeux en dr. Martine Heyman aan het 

INSERM-U 290 in Parijs. Aldaar heb ik mijn eerste macromoleculaire 

permeabiliteitsexperimenten verricht en via dit lab heb ik veel technieken en 

gespecialiseerde apparatuur in Amsterdam kunnen importeren. Dear Martine and 
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Jehan-François, thanks to you I have been able to learn the ins and outs of intestinal 

macromolecular permeability, and I hope that our collaboration through the years will 

continue and expand in the future. Professor Desjeux, it is a great honour for me that 

you will be present at the thesis defence. 

Zowel op het AMC als op het lab van Jack Groot aan de Biologiefaculteit heb ik 

samen met Roger Peeters (NIZO) de "dubbel suiker" permeabiliteitstest proberen te 

doorgronden, en Roger, ik dank jou en Roelof van der Meer voor de grote bijdrage die 

jullie aan het tweede hoofdstuk, mijn eerste publicatie, hebben geleverd. De eerste 

klap is een daalder waard! De hypothese die wij toen hebben ontwikkeld leidde 

vervolgens tot de samenwerking met de groep van Mats Jodal en professor Ove 

Lundgren aan de Universiteit van Göteborg. Dear Mats, dear Britt-Marie Finn, dear 

Anders Sjöqvist, it's incredible how fast we performed the experiments described in 

chapter three and four, and how much time it subsequently took to analyze the data 

and finally submit the manuscripts. Thank you very much for our inspiring 

collaboration, of which I'm sure that it will continue in some form in the future. De 

bijdrage van Frans Hoek en Rudy de Waart is essentieel geweest voor het tot stand 

komen van hoofdstuk vier. Ook wil ik hier de vrijwilligers van de labs op G2 en K2 

van het AMC bedanken voor hun enthousiaste deelname aan mijn "dubbel suiker" 

experimenten, waarvan de testoplossingen meestal niet al te best smaakten. 

Ondertussen begon het electronenmicroscopieteam aan de biologiefaculteit de mooiste 

plaatjes over macromoleculaire transportroutes te produceren. Met name het 

kwantificeren van endosomen is een uiterst tijdrovende klus geweest. Amanda 

Kiliaan, Greet Scholten en Anja van der Wal, zonder jullie bijdrage was dit 

proefschrift misschien wel tot stand gekomen, maar zou het ongetwijfeld een paar 

hoofstukken korter zijn geweest en ik wil jullie daarvoor van harte bedanken. Ook 

Roel Bakker wil ik hier bedanken voor de bijdrage aan hoofdstuk vijf en voor de 

inspirerende discussies over de elektrofysiologie van het darmepitheel. Klaas Dekker 

voor de vele ondersteuning tijdens experimenten en voor het installeren van de 

computerprogramma's. Verder heb ik ook heel veel plezier beleefd aan de studenten 

die ik in deze periode heb mogen begeleiden. Marianne Rots en Ingrid Kunst, jullie 

hebben allebei op een uiterst gedisciplineerde manier jullie stages volbracht, zeker in 

vergelijking met mij, en ik hoop dat ik jullie desondanks toch iets heb kunnen 

overbrengen van mijn manier van denken over onderzoek. Rick de Waard, jouw 

werkwijze kwam wat meer met de mijne overeen. Ik ben bijzonder trots dat jij onder 

andere op de universiteiten van Stanford en Berkeley een aanvang hebt gemaakt met je 

eigen promotieonderzoek en ik hoop dat we in de toekomst weer zullen samenwerken. 
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Rick, jouw stage-onderzoek heeft ook geleid tot een bloeiende samenwerking met de 

VU: Astrid van Halteren, onze samenwerking kwam tot stand doordat het nederlandse 

proefdiervoeder vergeven was van de koemelkeiwitten en dus mijn pogingen tot het 

sensibiliseren van cavia's evenmin succes hadden als die van jou met muizen. Met 

ovalbumine lukte het wel en ik ben blij dat ik zo heb kunnen bijdragen aan een 

hoofdstuk in jouw proefschrift, dat je inmiddels met succes hebt verdedigd. Ook 

Maarten van der Cammen en professor George Kraal wil ik bedanken voor hun 

bijdragen aan dit werk. Lex Houdijk en Paul van Leeuwen, jullie vraagstelling over de 

effecten van glutamine op darmpermeabiliteit heeft inmiddels geleid tot een 

geaccepteerd artikel voor the Journal of Parenteral and Enteral Nutrition. Luda 

Kouznetsova, ik wil jou bij dezen nogmaals bedanken dat jij het grootste deel van het 

praktische werk voor dit artikel hebt uitgevoerd en ik vind het nog steeds 

onvoorstelbaar dat je dankzij de nederlandse bureaucratie onverwacht terug moest 

naar Rusland. Ik ben blij te horen dat je terug bent! Lex, ik ben trots dat dit werk ook 

heeft bijdragen aan de totstandkoming van jouw proefschrift. 

De internationale congressen die ik de afgelopen jaren heb bezocht hebben een groot 

aantal bijzondere contacten opgeleverd. Allereerst wil ik hier noemen Heinz Schmitz. 

Dear Heinz, we had some good times during the AGA conventions of the past years, 

and it is thanks to you that I have been able to meet professor Jorg Dieter Schulzke. 

I'm looking forward to our next meeting in Berlin, and I'm very proud that professor 

Schulzke will be present at the thesis defence. Paul Saunders, it was thanks to you and 

to professor Mary Perdue that a close collaboration with McMaster University was 

initiated when we met each other for the first time in New Orleans. Dear Paul, I really 

enjoyed your stay in Amsterdam and I promise to write the manuscript about our 

research as soon as I have recovered from writing this thesis. Dear Mary, thank you 

for your scientific and mental support through the past years. I am also very grateful 

that you will be present at the thesis defence and I'm convinced that our fruitful 

collaboration will continue. From the ESPGAN meetings I would like to aknowledge 

the warm contacts with Staffan Redfors, Johan Söderholm and Mikael Kuitunen. 

Van de nationale samenwerkingen wil ik op deze plaats nog die met het RIVM 

noemen. Marcel van Raaij, ons gezamenlijk onderzoek naar de effecten van 

geluidsstress bij ratten heeft een uniek hoofdstuk in dit proefschrift opgeleverd en ik 

wil je daar bij deze van harte voor bedanken. 

Uiteraard wil ik hier ook mijn promotores professor Guido Tytgat en professor Hugo 

Heymans bedanken. Professor Tytgat, u bent mij in de afgelopen maanden 

daadwerkelijk tot steun geweest. Ik vermoed dat ik dit proefschrift anders niet had 
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afgekregen. Professor Heymans, ik heb uw opbouwende kritiek zeer gewaardeerd. 

Ook wil ik natuurlijk Jan Taminiau en Jack Groot bedanken dat zij als co-promotor 

hebben willen optreden. Verder verdienen Mineke Kooistra en Joan Slager een pluim 

voor hun administratieve werk. Ook wil ik de dierverzorgers, de instrumentmakers en 

de medewerkers van de electronicawerkplaatsen van zowel het AMC als de 

Biologiefaculteit bedanken voor hun ondersteuning. 

Ik wil hier in het bijzonder nog de patiënten en de ouders van de patientjes noemen, 

die biopsiemateriaal hebben afgestaan of daarvoor toestemming hebben gegeven, vaak 

onder moeilijke omstandigheden. Ik ben ze daar erg dankbaar voor. 

Tenslotte wil ik mijn broers en zusters plus aanhang bedanken voor het vertrouwen dat 

zij altijd in mij gesteld hebben en dat ik meer dan eens op de proef gesteld heb. Al 

mijn vrienden (m/v) wil ik hier bedanken voor het feit dat ze mijn monomane 
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Mijn verontschuldigingen aan de proefdieren. 
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