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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. 

a> 
o 

ta 
a> 
o 

o 
o. 

m mannitol r=0.99 p<0.003 
Cr-EDTA r-0.05 p-0.95 

- ' i ' i \^ 

0 5 10 15 
water absorption (ul/g.min) 

20 

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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H Cr-EDTA/mannitol ratio 

r=0.98 p<0.02 
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water absorption (ul/g.min) 

20 

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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