Pharmaceutical Research, Vol. 11, No. 6, 1994

Mucus Gel Thickness and Turnover in
the Gastrointestinal Tract of the Rat:
Response to Cholinergic Stimulus and
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The thickness of the mucus gel and its turnover rate were measured
in the stomach, proximal jejunum, cecum and proximal colon of the
rat, using microscopy and staining techniques. The specific mucus-
secretory responses to carbachol-induced cholinergic stimulus in
these locations were also studied. The mucus gel was found to be the
thinnest (18+1 microns) in the cecum, and the thickest in the stom-
ach (39x14 microns). The effect of carbachol on mucus secretion
was profound and dose dependent in the stomach, and less pro-
found, although st’ll dose dependent, in the proximal jejunum. The
least responsive organs were the cecum and the proximal colon,
where no effect was observed after three doses of carbachol. Mucus
secretion rate was significantly higher in the jejunum (1.1+0.5 pg
glucose equivalent min~! cm~?) than in the colon (0.5+0.2 pg glu-
cose equivalent min ~ ! cm ~?). Also, the proximal jejunum was more
responsive to the carbachol stimulus (mucus secretion rate of
5.4+2.2 pg glucose equivalent min~! cm~? after carbachol treat-
ment) than the colon (mucus secretion rate of 1.0+0.4 pg glucose
equivalent min ~ ! cm ™2 after carbachol treatment). In vitro mucoad-
hesion studies with Polycarbophil disks were performed in the mu-
cosal tissues of the stomach, jejunum, cecum and proximal colon of
the rat with and without cholinergic (carbachol) stimulus. The ad-
hesion force in the cecum and the colon was significantly stronger
than in the stomach and proximal jejunum when the studies were
performed at pH 2. Carbachol treatment did not significantly change
the mucoadhesion of Polycarbophil disks. It is concluded that in the
gastrointestinal tract of the rat the colon and the cecum are more
suitable locations for the mucoadhesion than the stomach and the
jejunum because: (1) their mucus turnover is lower, (2) their sensi-
tivity to mucus secretory stimulus is lower, and (3) their Polycarbo-
phil adherence properties are stronger.
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over; cholinergic stimulation.

INTRODUCTION

The successful attachment of polymers to the epithelial
mucosa in the intestine depends, among other parameters,
upon the strength of hydrogen-bonding between the polymer
and the mucus lining and the ionic charge of the polymer (1).
The mucus gel which covers the entire surface of the gastro-
intestinal (GI) tract is made of highly hydrated mucin-
containing sialic or sulfonic acid residues that confer its
dense negative charge (2). Typically, the attachment of mu-
coadhesives to the mucus layer is stronger than the attach-
ment among the mucin layers (3,4). Therefore, drug-delivery
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residence time at the mucosa of the GI tract, is rate limited
by mucus-turnover rather than by tightness of polymer ad-
herence to the mucus lining (5). The mucus turnover time in
the GI tract is highly versatile. Lehr et al. (6) estimated the
turnover time of the intestinal mucus gel layer in the rat to be
between 47 and 270 minutes. In the dog, especially in the
fasted state, the turnover time may be a matter of several
minutes to a few hours (7). Reproducible therapy using mu-
coadhesion techniques depends on minimal variations in mu-
cus turnover rate and would be useful in those organs where
the turnover rate is minimal.

A relatively large number of polymers have been eval-
uated for their ability to adhere to mucin. Materials such as
polyacrylic acid, polymethacrylic acid, and their derivatives,
e.g. Polycarbophil (a cross-linked derivative of polyacrylic
acid), as well as natural gums possess mucoadhesive prop-
erties (3,8-10). Recently, the use of fucosylamine containing
HPMA copolymers as colonic bioadhesives was suggested
by Kopecek et al. (11) and Rihova et al. (12). The rationale
was to mimic the lectin-like mucosal adhesins that cause
fucose-sensitive attachment of some enteropathogenes in the
presence of calcium. The measured adherence of those co-
polymers was better in the mucosa of the colon than that in
the small intestine of the rat. However, when isolated en-
terocytes were analyzed, no difference in the polymer at-
tachment was observed (12). This observation raises a gen-
eral question regarding the role of regional mucus turn-over
characteristics in the GI tract and the possible implication of
these characteristics for mucoadhesion. If, indeed there is a
slower mucus turnover rate in the intestine than in the stom-
ach, the former organ may be more suitable for mucoadhe-
sion.

The overall goal of this study was to set criteria for
locating the best site for mucoadhesion in the GI tract. More
specifically the study aims were: (a) to measure the amounts
of mucus gel in the stomach, proximal jejunum, cecum and
proximal colon of the rat, (b) to compare the mucus turnover
rate in the jejunum and proximal colon of the rat, (c) to study
the mucoadhesion properties of Polycarbophil in various lo-
cations of the GI tract of the rat, (d) to measure how secre-
tory stimulus, which results in increased mucus secretion,
affects the mucus thickness, turnover and mucoadhesion in
the measured organs.

MATERIALS AND METHODS

All materials and reagents were purchased from Sigma,
St. Louis, MO, unless otherwise mentioned in the text. Poly-
carbophil (Goodrich) was donated by Teva Pharmaceutical
Industries, Jerusalem.

Stationary Conditions Studies

Segmental Sampling of Epithelial Tissue. Fed male Sa-
bra rats (13), weighing between 200-250 g, were sacrificed
with an overdose of ether. Slices of epithelial tissue were cut
from (a) the stomach, (b) the proximal jejunum (6 cm distal to
the stomach), (¢) the cecum, and (d) the proximal colon (1 cm
distal to the cecum). The cutting was performed with a spe-
cially designed double blade cutter that yielded equal
squares of 0.5X0.5 cm. Three slices were taken from each
segment.
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Mucus Staining. Alcian blue (AB) is a cationic histolog-
ical dye that binds to the acidic mucin fraction in the mucus
by creating an insoluble complex with its soluble polysac-
charides (14). Because the dye is hydrophilic, it does not
penetrate into the epithelial cells. Therefore, it can be used
to specifically stain the mucus attached to the epithelial layer
over the entire gastrointestinal tract (15,16). The precut ep-
ithelial square slices were then soaked in a petri dish con-
taining 0.1% (w/v) AB in an acetate buffer solution, pH 5.8
(0.05 M). To achieve isotonicity, 0.25 M of sucrose was
added (16).

Determination of Soluble Mucin Fraction. After exactly
1 hour the soaked tissue was taken out from the AB bath and
homogenized (tissue homogenizer, 5 min) in 1.5 ml of 1 M
MgCl, in a 0.05 M acetate buffer, pH 5.8. The homogenized
mixture was shaken for 2 hours at 37°C to dissolve the re-
sulted insoluble complex. After centrifugation the superna-
tant was separated and its absorbance was measured at 603
nm (Uvikon 930, Kontron Instruments, Switzerland). The
results were then normalized to the mucus thickness of the
stomach for each corresponding rat. Three measurements
were taken from each of the four organs (stomach, proximal
Jjejunum, cecum and proximal colon). The study was re-
peated in five rats.

Microscopy of the Stained Tissues. Slices of epithelial
tissue, 0.5 mm thick each, were cut from the stomach and
colon using a double blade cutter. The epithelial tissues were
bathed in 0.1% (w/v) AB solution, this time for 15 minutes
only (17). Microscopic preparations were carried out without
fixation as follows: each slice was rinsed with saline and
analyzed in an inverted phase microscope (Olympus LH
50A) (X100 magnification). The mucus lining of each epithe-
lial segment could be visualized clearly as a translucent layer
(demonstrated in Figure 1).

The thickness of the mucus layer of each epithelial slice
was assessed visually as follows: The area of the colored
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mucus was graphically bordered and then measured using a
linear (metric) graph paper. The results were normalized to
each slice length. In this way four measurements were taken
from each segment of three individual rats (altogether 12
measurements per segment).

Mucus Turnover Under Cholinergic Stimulus. Carba-
chol is an acetyl choline agonist which increases the mucus
secretion in the GI tract (18—20). It was used in the present
study to check the regional secretory response of various
segments along the alimentary canal of the rat to cholinergic
stimulation and its implication for mucoadhesion. In sepa-
rate experiments, rats were dosed (i.p.) with 100, 300 or 500
ng/Kg body weight of carbachol (each dose was adminis-
tered to five rats). Thirty minutes after the injection the rats
were sacrificed with an overdose of ether, and a laparotomy
was immediately performed. Epithelial slices from the re-
spective gastrointestinal segments (i.e. stomach, proximal
Jjejunum, cecum and proximal colon) were taken and bathed
in AB solution for 60 minutes after which the staining inten-
sity of each tissue was measured as described above both in
the test and the control animals. The value obtained for each
test experiment was normalized to its control (saline). This
normalization to control animals was required to account for
the elevation in the mucus layer thickness caused by the
increasing doses of the carbachol, in the various regions of
the rat GI tract. The relative mucus thickness (RMT) was
calculated according to the following equation:

AB abosorbance of an epithelial
tissue after dosing with carbachol
~ AB absorbance of similar tissue of
the control (saline dosed) animal

RMT

Each experiment was performed in two rats, one served
as the control while the other was treated with carbachol.
This procedure was repeated five times.

Figure 1: A typical inverted phase micrograph (magnification: %X 100) taken from the gastric
mucosa (AB stained) of the rat, demonstrating the epithelial tissue (dark tissue at the bottom)

covered by translucent mucus gel (top).
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Perfusion Studies

The proximal jejunum or proximal colon of five anes-
thetized rats (i.p. Equitensin solution equivalent to 6 mg/100
g body weight sodium pentobarbitone) was perfused with 15
ml of saline in a closed loop system (5-7 cm) as described
elsewhere (21) over 2.5 hours. Samples of 1 ml were with-
drawn in 30 minute intervals and analyzed for neutral hex-
oses content as described below. At the end of each exper-
iment the rats were sacrificed with an overdose of ether. The
perfusion rate was 1.0 mI/min. This study was performed in
non-treated rats and, separately, in rats that were dosed
twice with 10 ng/Kg of carbachol 60 and 30 minutes prior to
each perfusion study. Because a large single dose of carba-
chol would have Kkilled the rats before the end of the exper-
iment, the same dose of carbachol was painted on the serosa
of the perfused intestinal segment every 15 minutes during
the perfusion.

Neutral Hexoses Content Determination. Each 1 ml
perfusate sample was mixed with 1.5 ml of distilled water,
2.5 ml of concentrated H,SO,, and 0.1 ml of orcinol (60
mg/ml). After incubation at 80°C for 15 min, the absorbance
was determined at 420 nm, using 5 pg of glucose as a stan-
dard (22). The slopes of the total hexoses amount v.s. time
curve in the proximal jejunum or proximal colon were cal-
culated separately for each rat. The obtained values were
normalized to the measured surface areas.

Bioadhesion Studies

Disks (12 mm, diameter) of Polycarbophil were pre-
pared by compressing 100 mg of the polymer at 5 ton (man-
ual Perkin Elmer IR press). The upper surface of each Poly-
carbophil disk was glued to a disk of polypropylene with an
equal diameter and balanced to a total weight of 5 g. The
glued Polycarbophil disks were allowed to swell in PBS
buffer (pH 7) or citrate buffer (pH 2) for 10 minutes.

Intestinal tissue (stomach, jejunum, cecum and proxi-
mal colon) from previously sacrificed rat was spread and
mounted over a petri dish containing either of the buffers.

The polypropylene disks, with the glued, swollen Poly-
carbophil underneath were placed separately on the
mounted tissues for two minutes. The upper surface of the
polypropylene was connected to a force gauge (250 mg ac-
curacy) which, in turn, was lifted at a constant rate (23). The
adherence force was determined at the time of detachment
and the weight of the polypropylene surface was subtracted.
The experiments were performed in two different pH values
(2, and 7). Each study was performed with and without
cholinergic stimulus (carbachol i.p. 500 pg/Kg, 0.5 hour
prior each experiment).

Each study was repeated six times.

Statistical Analysis

Data were analyzed by Kruskal-Wallis (non-parametric
test). A difference was considered to be statistically signifi-
cant when the p value was less than 0.05. When the differ-
ence between the groups was obtained, a Mann-Whitney U
test was used to analyze the significance of the differences
between the individual group means (p < 0.05).
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RESULTS

The thickness (calculated by dividing the measured mu-
cus area by the slice length, and expressed in microns =
S.D.) of the mucus layer of the rat stomach and cecum as
visualized and measured microscopically is summarized in
Table 1 which shows that the thickness was significantly
higher in the stomach of the rat than in its cecum.

The amounts of mucus in the epithelial slices taken from
the rat’s proximal jejunum, cecum and proximal colon were
measured spectrophotometrically after reaction with AB and
expressed as a percentage of the amount in the slices taken
from the stomach * S.D. (n=35). In all cases the values
measured in the proximal jejunum, cecum and proximal co-
lon were lower than those in the stomach. However, al-
though the values measured in the colon (67+15%) were
lower than those measured in the proximal jejunum
(82+19%), significant differences were only observed in the
cecum (34+9%). This observation, found by measuring the
amount of anionic mucins in the mucus layer, supports the
finding in Table 1 with microscopy.

Figure 2 shows the influence of three doses of carbachol
on the mucus gel thickness in the stomach, proximal jeju-
num, cecum and proximal colon of the rat, as expressed by
the RMT values = S.D. The stomach was found most sen-
sitive to increases in the dose of carbachol (from initial RMT
value of 1.2x0.1 at a dose of 100 pg/Kg body weight, to
RMT value of 1.9+0.2 at a dose of 500 wg/Kg body weight).
The more caudal the organ, the less responsive it was to
carbachol. Among the three organs (proximal jejunum,
cecum and proximal colon), the proximal jejunum was the
most sensitive (from initial RMT value of 1.0+0.1 at a dose
of 100 pg/Kg body weight, to RMT value of 1.4+0.1 at a
dose of 500 pg/Kg body weight). The cecum and the proxi-
mal colon did not respond to carbachol (from initial RMT
value of 1.1=0.1 at a dose of 100 pg/Kg body weight, to
RMT value of 1.0+0.1 at a dose of 500 ng/Kg body weight
for the cecum, and from initial RMT value of 1.1+0.2 at a
dose of 100 ng/Kg body weight, to RMT value of 1.120.1 at
a dose of 500 pg/Kg body weight for the proximal colon).

The mucus secretion rate in the proximal jejunum and
proximal colon during 2.5 hours of saline perfusion was mea-
sured with and without carbachol treatment. The mucus
turnover rates, as calculated from the slopes of the total
hexoses that were accumulated in the perfused saline solu-
tions, are shown in Figure 3 and expressed in ug glucose
equivalent min~' cm 2 = S.D. In the proximal jejunum the
mucus turnover rate was 2.2 times higher than in the colon
(1.1x0.5 compared with 0.5+0.2). Carbachol increased this
ratio to 5.4 (5.4%2.2 in the proximal jejunum compared with
1.0x0.4 in the proximal colon). These findings support the
observations under stationary conditions that mucus secre-

Table 1: The thickness of the mucus gel in the stomach and cecum
of the rat as measured visually by inverted phase microscope.

Stomach (microns) Cecum (microns)

39142 18+1.4%*

# Shown are the resuits of 12 studies = SD.
* Significantly different compared to the stomach.
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Figure 2: The influence of three doses of carbachol on the relative

mucus gel thickness (RMT) in the stomach, proximal jejunum,

cecum and proximal colon of the rat. Shown are the results of 5

studies *+ S.D.

* Statistically significant as compared to the RMT as measured after
dosing with 100 pg/KG body weight of carbachol.

tion and turnover in the colon is much less sensitive to
cholinergic stimulation.

The detachment force values in the various GI segments
of the rat at two different pH values, with or without carba-
chol pretreatments are summarized in Figure 4 and ex-
pressed in g = S.D. At pH 7, the detachment force was
1.0+0.2 before and 1.0x0.2 after the carbachol treatment in
the stomach, 1.5+0.2 before and 1.25*0.5 after the carba-
chol treatment in the jejunum, 2.0+0.8 before and 1.5+0.5
after the carbachol treatment in the cecum and 1.75+0.5
before and 1.25+0.25 after the carbachol treatment in the
jejunum. At pH 2, the detachment force was 2.0x0.2 before
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Figure 3: Mucus turnover rates before (white columns), and after
(hatched columns) carbachol treatment in the proximal jejunum and
proximal colon of the rat. The turnover rates were calculated from
the slopes of the total accumulated hexoses (expressed in g glucose
equivalents normalized to surface area) in the perfused saline solu-
tions versus time plots. Shown are mean values of five studies +
S.D.
* —Jejunum compared to jejunum after carbachol treatment: signif-
icantly different;
—Jejunum compared to colon: significantly different;
—Colon compared to colon after carbachol treatment: signifi-
cantly different.
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Figure 4: The detachment force of Polycarbophil discs in the various

GI segments of the rat at pH 2 and 7, with and without carbachol

pretreatment.

* Significantly different as compared to the stomach and proximal
jejunum at pH 2.

and 2.0x0.5 after the carbachol treatment in the stomach,
2.0x0.2 before and 2.25+0.25 after the carbachol treatment
in the jejunum, 4.25+0.75 before and 5.5+1.0 after the car-
bachol treatment in the cecum and 3.0+0.8 before and
3.0x1.0 after the carbachol treatment in the jejunum. No
significant difference was observed between the detachment
force recorded in the various organs before and after the
cholinergic stimulus at pH 7 (p > 0.1). However, at pH 2 the
polycarbophil adhered to the cecal mucosa stronger than to
the colonic mucosa (p < 0.025). The attachment in the colon
was stronger than the attachment in the stomach and prox-
imal jejunum (p < 0.05).

DISCUSSION

In this study the techniques of Whiteman (14), Pipper et
al. (15), Corne er al. (16) and Winzler (22) were used to
compare the thickness of the mucus gel and its turnover rate
in four different locations in the GI tract of the rat. The
bioadhesive force of Polycarbophil in the four regions was
also measured (23) at two different pH values. Then, mucus
secretion in these locations was increased by cholinergic
stimulation, and its effect on the Polycarbophil adherence to
the same locations in the GI tract of the rat was measured.
The cecal mucus gel was found to be the thinnest, and the
gastric mucus gel the thickest (Table 1). The observed values
were smaller (3914 microns) than those found by Allen et
al. (24) (80+5) probably because of the different methods
used to evaluate the thickness of the mucus gel. In our sys-
tem, the dimensions of the mucus gel were visualized in
different regions of the gastrointestinal tract of the rat by a
staining procedure that might have reduced the amount of
mucus lining in each segment. Our findings were further
elaborated under stationary conditions by reacting the mu-
cus with AB and measuring the amount of the stained, neg-
atively charged mucin in the mucus gel of the stomach, prox-
imal jejunum, cecum and proximal colon. Again, the results
showed that the values in the cecum were significantly lower
than those in the stomach. The finding that the cecal mucus
lining is the thinnest (thinner even than the mucus in the
colon) can be related to the physiological function of the
cecum in the rat: a depot which retains large amounts of
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viscous chyme for long periods of time. The dominant pa-
rameters in this organ are shear forces and high concentra-
tions of anaerobic bacteria capable of fermenting endoge-
nous mucins, thus leading to a rapid erosion of the cecal
mucus lining relative to the colonic mucus lining in the rat.

To compare the effect of cholinergic stimulus on the
amount of mucus secreted in the stomach, proximal jeju-
num, cecum and proximal colon of the rat, the regional
amounts of mucus were measured after dosing with carba-
chol, a drug that mimics a cephalic stimulus. This experi-
mental section was used also to verify the sensitivity of the
AB method. The secretory effect expressed by the relative
elevation in the thickness of the mucus gel and presented as
RMT (relative mucus thickness) was both significant and
dose dependent in the stomach (Figure 2). A less profound,
although still dose dependent, effect was observed in the
proximal jejunum. The least responsive organs were the
cecum and the proximal colon where no effect was observed
after three different doses of carbachol.

To complete this section of the study the rate of the
mucus turnover in the proximal jejunum of the rat was com-
pared to the rate of secretion in the proximal colon with and
without cholinergic stimulation. Here, the amount of the un-
charged mucin fraction accumulated in the lumen compart-
ment was monitored in a closed intestinal loop. It was found
that the mucus secretion rate was significantly higher in the
jejunum than in the colon. Moreover, the proximal jejunum
was more responsive than the colon to carbachol stimulation
(Figure 3).

It can be concluded that the more caudal to the stomach
the organ is, the less responsive it is to cholinergic stimula-
tion in terms of mucus secretion. On the other hand, the
more responsive the organ is to cholinergic stimulus, the
more variations occur in its mucus secretion (Figure 3).

The attachment of Polycarbophil discs was the strongest
in the cecum of the rat and weakest in the stomach and
jejunum (Figure 4). This observation can be explained by
two findings of this study: (a) The mucus lining in the cecum
is thinner than in the stomach and the jejunum and therefore
separation between two adjacent mucus layers is more dif-
ficult in the cecum; (b) Because of the lower amount of sialic
acid in the cecum the mucus in this organ is less negatively
charged. This allows for a greater interpenetration of the
Polycarbophil chains between the mucin macromolecules
(1,25). Our finding that Polycarbophil discs adhere differ-
ently onto mucosal tissues of different regions of the GI tract
of the rat supports the hypothesis that the attachment of
mucoadhesives to the mucus layer is stronger than the co-
hesive force between adjacent mucin layers. The attachment
of Polycarbophil to mucus is typically weaker at pH 7 than at
pH 2. Because acidic pH is optimal for mucoadhesion of
Polycarbophil, it was postulated in the past that the stomach
is an ideal organ for mucoadhesion (3).

The thickness of the mucus gel that covers the GI epi-
thelium is due to the steady state between the mucus secre-
tion rate and its erosion, namely enzymatic and mechanical
degradation. Because of typical gastric motility and proteo-
lytic activity, mucus turnover is most intense in the stomach
(26), and therefore, too rate limiting for the rational design of
mucoadhesive polymers. Assuming variations in mucus
turnover along the gastrointestinal tract, an optimal site for
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mucoadhesion would be one possessing all of the following
properties: (a) strong attachment properties, (b) a low mucus
turnover rate, and (c) a low sensitivity to stimuli that might
increase mucus secretion. Our studies in the rat indicated
that its cecum is the best location for that purpose.

The lack of difference between the observed detach-
ment force before and after carbachol treatment in the rat
stomach and jejunum is surprising, and may be explained
differently for the cecum and colon than the stomach and
jejunum. As was shown in Figure 2, the cecum and the colon
are not affected by the induced cholinergic stimulus, and
therefore no change in the adherence properties of these two
organs is expected. Indeed, this was verified by measuring
the mucoadhesion force of Polycarbophil discs following
treatment with carbachol as demonstrated in Figure 4. As for
the stomach and the jejunum of the rat, it may be assumed
that there is a threshold of mucus thickness which restricts
mucoadhesion. Above this threshold value the mucus gel
thickness does not affect mucoadhesion.

It can be concluded that the colon and the cecum may
be more suitable locations for mucoadhesion in the gastro-
intestinal tract. Furthermore, because in the rat shear forces
are likely to be higher in the cecum than in the colon, it is
also speculated that the latter is a more appropriate organ for
mucoadhesion. Parallel physiological conditions have been
observed in the human proximal and transverse colon. The
former contains relatively large amounts of liquid, while the
latter contains chyme of increasing viscosity (27).
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