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Summary 

A method is described to estimate the turnover time of the mucus gel layer in chronically isolated intestinal loops in the rat during 
perfusion with isotonic saline. Measuring the concentration of a marker substance (total hexose) in the perfusion solution allowed 

calculation of the volume of produced mucus (VP) to be in the range between 0.03 and 0.16 ~1 min-’ cm-‘. The volume of the 

adhering mucus gel layer (k’.,) was calculated using anatomical data from the literature to be 7.78 f 0.32 ~1 cm-‘. Hence, the 

turnover time of the mucus gel layer as given by the quotient of V,/V, could be estimated to vary in the range between 47 and 270 

mm. This time scale is well comparable with the mean residence time found for mucoadhesive microspheres in earlier experiments 

using the same animal model. It is concluded that mucus turnover probably represents a crucial physiological factor for the concept 

of mucoadhesive dosage forms. 

Introduction 

So-called mucoadhesive drug delivery systems 
are expected to stick onto the mucus gel layer and 
hence to provide a prolonged and intensified con- 
tact with the underlying mucosal tissue (Junginger, 

1990). With respect to the development of oral 
dosage forms, the concept of bioadhesion offers 
the possibility of controlling their gastrointestinal 
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(GI) transit to improve the bioavailability of the 
drug (Ch’ng et al., 1985). irrespective of the intrin- 
sic mucoadhesive performance of the polymers 
used for these dosage forms, the maximal resi- 
dence time of such a drug delivery system at the 
site of adhesion is probably limited by the time 
scale during which the mucus gel layer is being 
renewed. The presence of such a distinct gel layer 
is thought to be the result of a steady state de- 
termined by synthesis, secretion and degradation 
of the mucus constituting glycoproteins (Allen et 
al., 1984). Many efforts have been made to in- 
vestigate structure and composition of GI mucus. 
A comprehensive recent review has been given by 
Neutra and Forstner (1987). Surprisingly, how- 
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ever, no concise data or even estimates seem to be 
available in the literature about the turnover time 
of the mucus gel layer. 

The appearance of GI mucus can be classified 
in three states: (i) native mucin as it is stored 

within goblet cell granules prior to exocytosis and 
gel formation; (ii) gel state mucus which adheres 
to the mucosal surface as a continuous, trans- 
lucent layer of measurable thickness (Bickel and 

Kauffman, 1981; Kerss et al., 1982; McQueen et 

al., 1983) and (iii) sloughed and solubilized mucus 
in the form of coagulated clots or as a viscous, 

mobile solution in the lumen (Allen et al., 1984). 
A direct method to determine the amount of gel- 
state mucus produced per unit time depends on 
the possibility of isolating this mucus fraction 
quantitatively. Such a technique, however, has yet 
to be developed. Probably all approaches to sep- 
arate the adherent mucus gel and the underlying 
tissue - either by solubilization or by scraping - 
would also embrace the intracellularly stored 
mucins. Furthermore, it must be noted that such 
manipulations have influence on mucin release 

unlike the ‘normal’ situation of the used test 
model, irrespective whether this is a living animal, 

an isolated organ, or a tissue culture system. 
In this study, an indirect approach was chosen 

which relies upon the experimental determination 
of mucus output in an in situ perfused intestinal 
loop in the rat as developed by Poelma and Tukker 
(1987). In the following, a method is described 
showing how the amount of mucus collected in the 
perfusate can be related to other physicochemical 
and anatomical data reported in the literature in 

order to obtain a first estimate about the turnover 
time of the intestinal mucus gel layer. Whether 
data obtained from such a particular animal model 
can be transferred to the normal physiological 
situation or even to man is not known. Nonethe- 
less, they will be directly comparable to transit 
studies with mucoadhesive microspheres which 
have been performed using the same model. (Lehr 
et al., 1990). Comparing the time scale of the 
transit process on the one hand with that of mucus 
turnover on the other, however, might indicate a 
possible interrelation between both processes. If 
this interrelation does exist, it can be assumed to 
hold also for other models or species. 

Methods 

Animal mode! 

A chronically isolated intestinal loop in the rat 
as described earlier (Poelma and Tukker, 1987) 
was used to study the intraluminal release of mucus 
as indicated by the amount of hexoses detectable 

in the homogenized perfusate. Briefly, an intesti- 
nal segment of 6-9 cm (approx. 15 cm proximal to 

the ileo-caecal junction) was isolated with its in- 
tact blood supply. The loop remained in the peri- 

toneal cavity and was attached to two stainless- 
steel cannulae, inserted in and running through 
the abdominal wall. Loop length was measured 
with a thread immediately after its installation at 
an accuracy of 10.5 cm. The continuity of the 
remaining intestine was restored by end-to-end 
anastomosis. 

For this study, 20 male Wistar rats were used. 
Average body weight was 243 t 21 g (mean + SD) 
in the range of 210-300 g. The loops had an 
average length of 7.4 _t 1.2 cm (mean -t_ SD) in the 
range of 5.0-9.0 cm. Perfusion experiments were 

performed between 3 and 30 days (12 k 8; mean 
r): SD) after surgery. 

Determination of mucus output 
Before starting the experiments, the intestinal 

loop was cleaned by rinsing manually and subse- 
quently by perfusing with isotonic saline of 37°C 
at a constant flow of 1.0 ml min -’ for 30 min. The 
intraluminal release of hexoses was determined in 
the perfusate after recirculating perfusion (volume, 
60 ml; flow rate, 1 .O ml mini I; temperature, 37 o C) 
for 3 h. Hexoses in the perfusate were determined 

according to a slightly modified version of the 
orcinol method of Franc;ois et al. (1962) as de- 
scribed earlier (Poelma et al., 1989). Glucose 
monohydrate was used as standard and the release 
of hexoses was expressed as glucose equivalents/ 
unit intestinal length per unit time (pg cm-’ 

min- ‘)_ 

Rest&s 

Total hexose in the perfusate, expressed as glu- 
cose equivalents, was found to be 0.40 f 0.25 pg 
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en-l ,_*--1 (mean _+ SD, n = 30 experiments on 
20 animals). The detected sugar may have its 
origin in both the solubilized and the mucus shed 
from the gel layer. However, if perfusion is per- 
formed during a Ionger period of time, mucus 
output is a direct measure for the mucus produc- 
tion in steady state. 

Volume of mucus produced during perfusion 
In order to estimate the amount of native mucus 

from the output of a marker substance (hexose), 
two essential. pieces of information are required: 
(1) the content of the marker in the native mucus 
glycoprotein (mucin); (2) the mucin concentration 
in the rat intestinal mucus gel. 

Carbohydrate composition of rat smaIl intesti- 
nal mucin has been reported by several authors 
(Forstner et al., 1973; Fahim et al., 1983; Shub et 
al., 1983). In view of the different techniques of 
isolation and analysis, for the total hexose content 
a range between 25 and 30% (m/m) of mucin dry 
weight is assumed. 

The greatest uncertainties are met with respect 
to the mucin concentration in the rat intestinal 
mucus gel. Rheology of gastrointestinal mucus 
appears to have been investigated extensively for 
pig mucus. Along the gastrointestinal tract, the 
mucus glycoproteins vary in intrinsic viscosity and 
hydrodynamic volume. This is also reflected in 
different glycoprotein concentrations in the native 
mucus gels. For the pig, these have been reported 
to be 55 mg/ml for gastric mucus (Allen et al., 
1982), 50 mg/ml for duodenal mucus (Allen et al., 
1982), 10.5 for small intestinal mucus (Mantle and 
Allen, 1981) and 20 mg/ml for colonic mucus 
(AlIen et al., 1982), respectively. Comparable data 
for the rat, however, are not available. Hence, a 
possible concentration range between 1 and 5% 
(m/v) will be assumed for our estimation. 

According to the assumptions above, the hexose 
output as found in the perfusion experiments cor- 
responds to an amount of mucin between 1.3 and 
1.6 pg min-’ cm-’ or a mucus volume (VP) be- 
tween 0.03 and 0.16 ~1 min-’ cm-’ produced in 
steady state. 

Volume of adherenf mtxus gel-layer 
Geometrically, the small intestine can be de- 

scribed as a hollow cylinder. In the cross-section 

\-, serosa 
Fig. 1. Schematic cross-section of an intestinal segment (see 

text). 

of a gut segment, three distinct borders are im- 
portant for the following considerations (Fig. 1). 
These are the outer serosal tissue surface, the 
smooth mucosal tissue surface formed by the tips 
of the villi and the luminal surface of the mucus 
gel layer. By each of these borders a correspond- 
ing radius can be defined in order to describe the 
dimensions of the cylindrical cross-section. These 
are the serosai radius (I,), the villous radius (rV) 
and the mucous radius (rm). As the mucus gel 
layer has the thickness 6, the relation between 
villus radius and mucus radius is 

r, = p;n + 6 (1) 

According to this cylinder model, the volume of 
the adherent mucus gel layer (V,) for an intestinal 
loop of the length I is given by the volume dif- 
ference of the inner luminal cylinder and the 
mucosal cylinder: 

I/,=r,27rl-(rv-6)2~1 

which can be further simplified to 

y,=(2r,--S)7TZG 

(2) 

(3) 

Holzheimer and Winne (1989) developed a 
method which enabled them to calculate the vil- 
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lous radius (‘intraluminai radius p’ in their 
terminology) of in situ perfused intestinal seg- 
ments of rats by measuring the serosal cir- 
cumference with a thread. In previous microscopi- 
cal studies on cross-sections of loops after in situ 
fixation, an empirical relation has been estab- 

lished between these two parameters. The average 
value for the villous radius of jejunal loops is 

reported to be 1.55 + 0.05 mm (mean + confidence 
limits (CL) for p 5 0.05, SD = 0.31, n = 180). 

The thickness of the mucus gel layer in the 

more distal parts of the small intestines seems not 
to have been measured yet, either in rats or in 
humans. The most reasonable approximation 
might be the value for duodenal surface mucus 
which is reported by McQueen et al. (1983) to be 
82 + 0.6 pm (mean k CL for p I 0.05, SD = 7, 
n = 532 readings from six sections on six animals) 
for normal rats after 24 h fast. 

With Holzheimer’s value for the villous radius 
rV = 1.55 k 0.05 mm and McQueen’s value for the 

mucus thickness 6 = 82 + 0.6 pm, the volume of 
adhering gel mucus V, according to Eqn 3 for an 

in situ perfused intestinal segment is estimated to 
be 7.78 + 0.32 ~1 cm-‘. The indicated error is 
obtained by calculating with the upper and lower 
confidence limits. 

Mucus turnover time 
The time necessary for complete renewal of the 

mucus gel layer is given by the ratio of the volume 
of adherent mucus (I!,) and that of produced 
mucus (V,): 

+; 

[ 

plcm-’ 
p p~min-lcm-l =mm 1 (4) 

This value is called the ‘turnover time’ of the 
mucus gel layer and is independent of the length 
of the perfused segment. Its reciprocal value with 
the dimension of min-’ represents the turnover 
rate and has the character of a frequency describ- 
ing how many times the mucus gel layer is re- 
newed during a given period of time. 

Dividing the previously deduced volume of the 
adherent mucus gel layer (V, = 7.78 + 0.32 ~1 

cm-‘) by the volume of produced mucus per unit 
time (VP = 0.03-0.16 ~1 mm’ cm-‘) yields a 
renewal time ranging between 47 and 270 min. 
Hence, mucus turnover time is estimated to be in 
the order of a few hours. 

Discussion 

The value for the villous radius as reported by 
Holzbeimer and Winne (1989) seems to provide a 
good basis for the calculation of the volume of the 
mucus hollow cylinder as it has been determined 

from a considerable number of animals. The per- 
fusion rate in these experiments was 0.2 ml/mm 
and hence somewhat slower than that used in the 
present study. However, as was also the case in 
our experiments, the height of the outflow tube 
was at the same level as the loop, which means 
that there was no further distension of the tissue 
due to hydrostatic forces. In summa, experimental 
circumstances are comparable. On the other hand, 

the villous radius as determined from jejunal loops 
will certainly deviate from that which would have 

been found for the ileum due to the proximal-dis- 
tal decrease in villus height. Furthermore, the in- 
ter-villus spaces are neglected. Nevertheless, in 
comparison to other assumptions which must be 
made in the context of these calculations, these 
differences might be negligible. The same holds 
for a slight difference in average body weight of 
the animals as well as the fact, that the dimensions 
of chronically isolated loops might change due to 
atrophy. 

A reliable estimation for the thickness of the 
intestinal mucus gel layer is more difficult to 
obtain, as the reported measurements focused 
especially on stomach mucus (Kerss et al., 1982; 
Bickel and Kauffman, 1983). The reported value 
for rat duodenal mucus thickness (82 + 7 pm, 
mean + SD) did not differ significantly from that 
found for the stomach (73 k 5 pm, mean + SD) 

(McQueen et al., 1983). As these authors noted, 
there was a large variation (up to IO-fold) between 
individual measurements from the same mucosal 
section, but only a small intra- and interindividual 
variation of the average values. This additional 
information may justify the assumption to use the 
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duodenal value also for calculations concerning 
the ileum. 

The question remains how reliably these data 
obtained from an intact GI tract of normal animals 
can be transferred to the situation of an in situ 
perfused loop. Whereas the absence of food might 
lead to an increase in mucus gel thickness in 
comparison to the normal physiological situation 
(Kerss et al., 1982) permanent perfusion of an 
isolated segment will probably have an opposite 
effect. However, in vitro studies of the same 
authors did not demonstrate any effect of stirring 
on mucus thickness when mucosal specimens were 
exposed for 60 n-tin to either isotonic or hyper- 

osmolar saline. These observations support the 

expectation that the equilibrium thickness of the 
mucus gel layer in an in situ perfused intestinal 
segment will not largely differ from that of an 
intact rat. 

Total hexose output has been chosen as mucus 
marker because this assay is easily performed and 
is described to give the same yields for all relevant 

glucosides (mannose, galactose, fucose). The level 
of absorbance is determined solely by the number 
of saccharide units and not by the configuration 
of the CHOH groups. This is advantageous, as 
mucin carbohydrate composition is not identical 
in different regions of the intestines even within a 

single species and probably will change as a func- 
tion of physiological circumstances. The disad- 

vantage of such a nonspecific assay, however, is a 
possible interference with carbohydrate groups in 

non-mucin glycoproteins and cell membrane com- 
ponents. Therefore, it is obvious that the most 

uncertain assumptions in the whole calculation are 
those which must be made with respect to the 
content of the hexose marker in native mucin and 
the concentration of mucin in the mucus gel. A 
possible improvement in future experiments would 
be to isolate the macromolecular fractions of the 
perfusate and monitor the hexose. Furthermore, a 
direct fluorimetric assay of O-linked glycoproteins 
has been described by Crowther and Wetmore 
(1987) which could give a direct measure for 
mucus glycoprotein both in the perfusate as well 
as in small samples of the native gel from mucosal 
scrapings. 

Conclusions 

To our knowledge, the present approach is the 
first study that allows one to estimate the rate at 
which the intestinal mucus gel layer is perma- 
nently renewed, at least under the conditions of 
this in situ model. Although the reported estimate 
for the mucus turnover time is relatively rough, its 

similarity to the mean residence time as observed 
for mucoadhesive microspheres in the in situ per- 
fused loop (Lehr et al., 1990) is very intriguing. 
The latter was found to be 94 k 18 min (mean + 

SE, n = 5). 

To prove this interrelation between transit of 

microspheres and mucus turnover, additional ex- 
periments are necessary which are presently being 

performed. Further support for this hypothesis, 
however, is already given by the observation that 
stimulating the mucus output by perfusion with 10 
mM sodium taurocholate led to a significant 
shortening of the mean residence time of micro- 
spheres. On the contrary, microspheres did not 
become detached from dead mucosal tissue in 
vitro when stirred for more than 18 h (in prepara- 
tion). 

As the present results indicate, mucus turnover 
is probably that rapid that it could be crucial for 

the concept of mucoadhesion as a means to con- 
trol the GI transit of drug delivery systems. 
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