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Abstract

Objectives The objective of this study was to systematically assess the mucus thick-
ness in the gastrointestinal tract of laboratory animals commonly used in preclinical
studies.

Methods Mucus thickness was studied post-mortem in the rat, rabbit and pig, using
cryosections stained by the modified periodic acid Schiff/Alcian blue method.

Key findings The mucus thickness in the fundus region of the stomach was higher
in the pig (190.7 = 80.7 um) than in the rabbit (155.1 * 85.8 um) and the rat
(31.3 = 11.4 um). However, along the small intestine (ileum), mucus was thicker
in the rabbit (147.8 * 115.6 um), followed by the pig (53.8 * 22.1 um) and the rat
(34.1 = 14.9 um). This rank order was also observed in the ascending colon.
Conclusions Inter-species variability in mucus thickness along the gut was demon-
strated and suggests that the pig resembles more closely the mucus pattern of
humans. This may be highly relevant when preclinical animal models are used in
drug absorption studies or in the development of oral mucoadhesive drug delivery

systems.

Introduction

Mucus is ubiquitous in the gastrointestinal tract and con-
stitutes a dynamic biophysical barrier between the lumen
and the underlying epithelium. Mucus is a complex secretion
composed of water (95%), glycoproteins (mainly O-linked
oligosaccharides), lipids, electrolytes, sloughed epithelial
cells, bile salts and other components available in the gut
lumen.'™ Tt provides lubrication and protection of the
underlying epithelium against mechanical damage from
food, acid, digestive enzymes, commensal and pathological
bacteria, toxins, carcinogens and oxygen-derived free
radicals.”* In the colon, the mucus layer also provides a hos-
pitable environment for the microbiota, where the host and
the bacteria benefit from a symbiotic relationship.!*!

The architecture of the mucus layer and the molecular
mechanisms responsible for the protective and lubricant
function have only recently been elucidated. Mucus has a two-
layer structure — a loosely bound outer layer and an adherent
layer. This double-layer concept is clearer in the stomach and
in the colon, whereas in the small intestine, mucus disconti-
nuity occurs, reflecting distinct physiological functions.!”
The adherent inner layer is insoluble and formed by tight
sheets of mucin (MUC2), whereas the structure of the outer

layer is wider mainly due to proteolytic breakdown, resulting
in a network expansion.®'"'?! In the colon, commensal bacte-
ria inhabit the loosely bound outer layer, where they can bind
to specific glycans and use mucins as an energy source. In con-
trast, bacteria are absent from the adherent layer.!""'>!*!

There are three types of mucins: secreted gel-forming
mucins, cell-bound mucins and secreted non-gel-forming
mucins.™ The secreted mucus forms a viscoelastic ‘adhe-
sive’ gel upon hydration, which is dependent on mucin
glycolysation.!">'*'These viscoelastic properties can be com-
promised by reduction of disulfide bounds or proteolysis.”!

The mucus layer acts as a primary barrier to drug absorp-
tion by two different mechanisms, through drug binding to
mucins and drug diffusion through the mucus layer."® Some
drugs have been shown to chemically interact with the glyco-
proteins from mucus, limiting the drug absorption rate and
decreasing drug bioavailability. These mucus—drug interac-
tions can occur by electrostatic interactions between posi-
tively charged drugs and negatively mucins, which are ionized
atpH > 2.6 (due to the sialic acid component), by hydropho-
bic interactions with the protein core of mucins or through
hydrogen bonding."**
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The mucus blanket limits drug absorption by acting as a
diffusion barrier.”*! The mucus layer is presented to the
drug as a selective mesh restricting diffusion of molecules
towards the epithelium, particularly those with higher
molecular weight, such as peptides, proteins and DNA, which
can become entrapped.'>***! This is also relevant to the
delivery of oral vaccines and other biotechnology products,
formulated in the nanosize range, which can become trapped
within the mucin network.? Furthermore, a range of differ-
ent enzymes, both from host and microbial origin,® are
present within the mucus layers, which can result in drug/
peptide degradation. The extent of the diffusion barrier effect
depends on the diffusion coefficient of the drug and on the
mucus thickness. This is more relevant and more limiting
in the stomach and in the large intestine, where a two-layer
and thick mucus structure exists. In contrast, the patchy and
discontinuous mucus layer in the small intestine facilitates
absorption of nutrients and drugs.!"”

The properties of the mucus layer have been exploited
in the development of mucoadhesive drug delivery platforms
to increase and harmonize residence time in the mucosal
surface to increase oral drug bioavailability.”**"! The glycan
component of the mucus provides a source for mucoadhesive
interaction either by electrostatic (sialic acid and sulfated
moieties), hydrophobic interactions (fucose residues), hydro-
gen bonding or covalent linkages (disulfide bridges).**]
The barrier function of the mucus layer is highly dependent
on its rheological properties, dictated by glycoprotein
composition,** mucus clearance or turnover™’ and its
thickness.'>!") The mucus thickness in the gut results from the
balance between mucus secretion, by the goblet and Paneth
cells, and mucus degradation by mechanical shear and enzy-
matic digestion by secreted enzymes or bacteria.>**%%!

The rat, rabbit and pig are the most commonly used animal
models in drug research and development."*” Differences in
gastrointestinal physiology between animal models are not
completely known, which presents some challenges when
selecting the most appropriate model for pre-clinical stud-
ies.""2) Mucus thickness in the gastrointestinal tract has
been reported for different animal models by means of
in-vitro®* and in-vivo!"""*! methods. Gastrointestinal
mucus in humans has also been characterized using tissue
resections."*?! Also, the distribution of mucins and patterns
of glycosylation along the human gut has been recently
reported.**! However, the variety of methods employed
to analyse mucus thickness has generated contradictory
results®” and a systematic comparison of mucus thickness
along the complete gastrointestinal tract of different animal
models is lacking.

The aim of this work was to systematically assess the mucus
thickness in the gastrointestinal tract of sacrificed common
laboratory animals, such as the rat, the rabbit and the pig,
using the modified periodic acid Schift/Alcian blue method.

© 2011 The Authors. JPP © 2011
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To the authors’ knowledge, this is the first time that the mucus
thickness in the entire gastrointestinal tract of common labo-
ratory animals is reported using the same methodology.

Materials and Methods
Materials

O.C.T. compound (cryogel), glacial acetic acid and polyl-L-
lysine slides were purchased from VWR International (Luth-
erworth, UK). Sodium metabisulfite and periodic acid were
obtained from Sigma-Aldrich (Poole, UK) . Clearmount
mounting solution was purchased from Invitrogen (Paisley,
UK). Schiff’s reagent, Alcian Blue 8GX and paraformaldehyde
were obtained from Fisher Scientific (Loughborough, UK).

Animal models

Gastrointestinal mucus thickness was assessed in three differ-
ent animal models, namely in rats, rabbits and pigs. The gas-
trointestinal tract of three different animals was used for each
species. Rats (Wistar, 200-230 g, 8 weeks old) were purchased
from Harlan UK Ltd (Biscester, UK). Rabbits (New Zealand
white, 2.1-2.3 kg, 9-10 weeks old) were acquired from Harlan
UK Ltd (Biscester, UK). The gastrointestinal tract of pigs
(cross-breed of large white and landrace, 95-110kg, 6
months old) were obtained from Cheale Meats Ltd. (Brent-
wood, UK). Rats were fed with Teklad Global 18% protein
Rodent Diet (Harlan Olac, Biscester, UK). Rabbits were
fed with Lab Diet 5322 with added vitamin C (IPS, London,
UK). Pigs were fed with Eltabreed Bingle Sow Cake (ABN
Ltd, Peterborough, UK). All animals were healthy males and
allowed free access to food before the experiments. All experi-
ments were conducted in accordance with the Home Office
standards under the Animals Act (Scientific Procedures).
The animals were sacrificed and immediately dissected and
samples from the gastrointestinal tract were collected for
further processing.

Preparation of blocks for cryosectioning

Small gastrointestinal sections (approximately 4 x 1 cm)
were removed and placed in individual square-shaped alu-
minium foil moulds previously semi-filled with cryogel. A
second layer of cryogel was added on top of the mucosa
sample and the blocks were immediately snap-frozen in
liquid nitrogen until a solid block was obtained. Prepared
blocks were maintained at —80°C until use.

Cryosectioning procedure

Blocks containing gastrointestinal samples were removed
from the aluminium foil and inserted into the sample holders
using cryogel and kept inside the cryostat (Leica CM3050 S;
Leica Microsystems, Nussloch, Germany) chamber (-25°C)
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until a strong adhesion was achieved. The sample holder was
placed into the cryostat head and the cryogel block was
trimmed (30-40 um slicing) to expose the gastrointestinal
mucosa sample. Thin sections (10 um) were then obtained
and collected on poly-L-lysine-coated microscope slides to
obtain a better adhesion. Slides were maintained at —20°C
until the staining procedure.

Staining procedure

The method used here was developed by Jordan et al. to avoid
damage or shrinkage when a conventional periodic acid
Schiff/Alcian blue (PAS/AB) staining technique is used.®"!
Briefly, microscope slides were defrosted and were given a
pre-treatment in 100% ethanol for 10 min and rinsed in
running tap water for another 10 min. Slides were then
dipped in 3% acetic acid (2 min) and stained in 1% Alcian
blue 8GX in 3% acetic acid (pH 2.5) for 2.5 h and washed
again in 3% acetic acid and rinsed in running tap water. Next,
slides were oxidized in 1% (v/v) periodic acid (aqueous) for
10 min and washed in running tap water. The second staining
step was performed by immersing the samples in Schiff’s
reagent for 15 min and repeating the water-rinsing step.
Slides were then immersed three times in 0.5% (w/v) sodium
metabisulfite, rinsed in running tap water and post-fixed in
paraformaldehyde vapour at 37°C for 45 min. Stained slides
were mounted in aqueous medium (Clearmount; Invitrogen,
Paisley, UK), protected with a cover slip.

Microscopic observation and mucus
thickness measurements

For each gastrointestinal region, three different sections
were obtained and mounted in slides. The glass slides were
observed using an optical microscope with a camera (Nikon
Microphot — FXA) and image acquisition software (Infinite
2) at 10 X and 40 X lens magnifications. Mucus thickness
measurements were performed using image analysis software
(Able Image analyser, Mu Labs) in three different images of
each glass slide. At least 20 measurements were recorded for
each image. The software was calibrated using images of a
grid at different magnifications.

Statistical analysis

Statistical analysis was performed using SPSS 15.0 for
Windows. The Kruskal-Wallis test was used to assess differ-
ences in mucus thickness between different specimens from
the same species. Statistically significant differences in mucus
thickness between gastrointestinal sections, in each species,
and between different animal species, were evaluated using
one-way analysis of variance and the Tukey’s test was used
for comparisons between groups. Results were considered
statistically significant when P = 0.05.

Felipe J. O. Varum et al.

Results and Discussion

Mucus thickness in the gastrointestinal
tract of pig

Mucus was thicker in the stomach than in the small and large
intestines as can be seen in Table 1 and Figure 1 (P = 0.05).
The stained sections of the gastrointestinal tract of pig,
where the mucus layer is delimited are presented in Figure 1.
Gastric mucus thickness values obtained in our study are in
accordance with those obtained by Dixon et al. using the
same method."** Along the small intestine, mucus thickness
increases significantly (P = 0.05) from the duodenum
(25.6 = 12.2 um) to the ileum (53.8 = 22.1 um) as reported
in Table 1.In the caecum, mucus thickness is lower than in the
ileum (P = 0.05). No differences were observed along the
colon (P > 0.05); however, in the rectum mucus thickness was
lower (P = 0.05). The pattern of mucus thickness along the
gastrointestinal tract of pig observed in this study (Figure 2),
mirrors the pattern that we recently reported using a simple
and routine hematoxylin and eosin staining procedure.!
However, the values reported in that publication are generally
lower than those presented here. It has been previously pro-
posed that mucus is composed of an adherent mucus layer,
tightly bound to the epithelium and a loosely bound mucus
layer which is less viscous and shreds off easier, due to enzy-
matic degradation and erosion./*''**!l One of the reasons
behind the observed differences may be the lack of a fixation
step in the hematoxylin and eosin staining method. This may
result in the loss of the loosely bound mucus layer, which is
easier to wash off during the washing steps involved in the
staining procedure. Therefore, only the adherent mucus
layer remains closely bound to the mucosa, which can be visu-
alized by the hematoxylin and eosin staining method. The
modified PAS/AB staining method is a more complex and
lengthier process; however, it involves a mild fixation step,
allowing the full preservation of the mucus layer."*"**!

Mucus thickness in the gastrointestinal
tract of rabbit

The pattern of mucus thickness along the gastrointestinal
tract of the rabbit (Table 1) was distinct from that of the
pig (Figure 2). The measurements of the mucus layer are rep-
resented in the stained gastrointestinal sections as can be
observed in Figure 3. Mucus was as thick in the stomach,
particularly in the antrum, as in the ascending colon, as
presented in Table 1 (P = 0.05). Surprisingly, a significantly
thicker mucus layer was found in the appendix compared
with all small intestine segments (P = 0.05). The appendix is
well developed in rabbits, in contrast to humans."?! Unlike
the pig, mucus was thinner (P = 0.05) in the duodenum and
distal regions of the large intestine, such as the descending
colon and rectum. As observed in the pig, mucus thickness
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and pepsin, which in combination with bicarbonate secre-
tion, maintains a neutral pH on the epithelium surface.>***!
Studies by Atuma et al. demonstrated that the rat gastrointes-
tinal mucus lining is composed of an adherent mucus layer
and a loosely bound mucus layer."”’ The adherent mucus
layer has been observed to be much thicker in the stomach,
providing protection to the underlying epithelium, whereas
the loosely bound mucus layer provides lubrication proper-
ties.” Infection by Helicobacter pylori can change the dynam-
ics of the gastric mucus layer. It has been shown that H. pylori
can be lodged deep in the mucus layer, protected from
the acid contents. This is possible due to its flagella, which
promote its movements through the mucus layer and the
ability to increase the microenvironmental pH of the mucus,
reducing its rheological properties.”!

In the small intestine, particularly in the ileum, and large
intestine, both the adherent and loosely bound mucus layers
have also been reported to be thick. This serves two different
purposes. The adherent mucus layer provides, along with the
cell surface mucins,* protection to the mucosa from luminal
contents, from macromolecules'®! and from the endogenous
bacteria.'"*? Colonization of the gastrointestinal tract by
bacteria is mediated by binding to specific glycans in the
mucus layer, particularly in the loosely bound layer, which
is mainly composed of mucins degraded by proteolysis or
oligosaccharide hydrolysis.”***! This loosely bound mucus
layer is fundamental to provide lubrication to the luminal

222

Jejunum lleum Cecum Asc.colon  Desc.colon

Rat

Mucus thickness patterns along the gastrointestinal tract of common laboratory animal models.

contents in the lower gastrointestinal tract and serves as a
source for bacterial binding and feeding.!*"*!

Mucus thickness in the human colon, determined by
the same method as employed in our study, has been
reported to increase from the proximal (10-30 pm in the
caecum) to the distal regions (30-85 Um in the rectum).®?!
This pattern was also partially observed in the pig and com-
parable values of mucus thickness were observed in our
study. The mucus thickness in the rabbit large intestine
mucosa was shown here to be higher than in the human
colon, particularly in the caecum (134.42 = 88.4 um) and
ascending colon (265.1 * 125.6 um) (Table 1). This thicker
secreted mucus layer in the large intestine of rabbit may be
explained by the particular dietary cycle. Along with hard
faecal pellets, mainly composed of excreted fibre, rabbits
also excrete cecotropes, which are rich in nutrients but
cannot be completely absorbed in the colon. These ceco-
tropes are formed in the caecum and are covered with
mucus to help bind them together, lending protection from
the acid in the stomach during a second passage through the
rabbit gut.[***]

Interestingly, gut microbiota and dietary composition have
been shown to affect the secretory pattern of intestinal
mucins (particularly in the jejunum and proximal colon) in
rats. In the small intestine, the effect of diet was more pro-
nounced, whereas in the large intestine the microbiota is the
main modulator.**¢”! Therefore, interspecies variations in

© 2011 The Authors. JPP © 2011
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(a) L4

Figure 2 Microphotographs of gastrointestinal sections of pig stained by the periodic acid Schiff/Alcian blue (PAS/AB) method. (a) fundus, (b) body,
(0) antrum, (d) duodenum, (e) jejunum, (f) ileum, (g) caecum, (h) ascending colon, (i) transverse colon, (j) descending colon, (k) rectum. The secreted
mucus layer is limited by the arrows displayed. Total magnification (100x).

terms of mucus thickness may not be only linked to physiol- extended to the situation in the diseased gut where changes
ogy but also to external factors. in mucus thickness need to be factored in. For instance, a

These interspecies differences in terms of mucus thickness thinner mucus layer, dependent on disease severity, has been
may contribute to the interspecies variability in terms of drug observed in patients with ulcerative colitis and Crohn’s
absorption and overall oral drug bioavailability. This can be disease,””” which has been linked with a depletion of goblet

© 2011 The Authors. JPP © 2011
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(a)
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Figure 3 Microphotographs of gastrointestinal sections of rabbit stained by the periodic acid Schiff/Alcian blue (PAS/AB) method. (a) fundus, (b) body,
(c) antrum, (d) duodenum, (e) jejunum, (f) ileum, (g) caecum, (h) appendix, (i) ascending colon, (j) descending colon, (k) rectum. The secreted mucus layer

is limited by the arrows displayed. Total magnification (100x).

cells.® Therefore, variability in oral drug bioavailability
would result from different extents of drug binding to
mucus!™ and differences in drug diffusion rates through the
mucus layer.” A thicker mucus layer offers a longer pathway
through which a drug diffuses. This is particularly relevant

for high-molecular-weight drugs or peptides and proteins.!®!
Moreover, thicker mucus also provides more available groups
to establish mucus—drug interactions. From the results pre-
sented here, the pig more closely resembles the human
in terms of mucus thickness in the gastrointestinal tract.

© 2011 The Authors. JPP © 2011
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50 um
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50 um

Figure 4 Microphotographs of gastrointestinal sections of rat stained by the periodic acid Schiff/Alcian blue (PAS/AB) method. (a) fundus, (b) body,
(c) antrum, (d) duodenum, (e) jejunum, (f) ileum, (g) caecum, (h) appendix, (i) ascending colon. The secreted mucus layer is limited by the arrows

displayed. Total magnification (100x).

Therefore, the pig may be a better animal model in the pre-
clinical assessment of drug absorption, particularly for those
drugs more susceptible to mucus binding or those for which
absorption is rate-limited by the mucus layer. However, other
factors need to be considered, such as the transit time, fluid
volumes available, metabolism and transporters.

Conclusions

To our knowledge, this is the first study to provide a system-
atic assessment of the mucus thickness pattern along the
gastrointestinal tract of common laboratory animals. Inter-
species differences in the gastrointestinal mucus thickness
were demonstrated. Small laboratory animal models, such
as the rat differed most to man, whereas pig was shown to
most closely resemble the mucus distribution along the gut

© 2011 The Authors. JPP © 2011

of humans. These findings may have significant implications
for the choice of the right animal model for preclinical
studies, in particular if the mucus layer has a significant role
in the expected outcome, such as in oral drug absorption
studies or assessment of mucoadhesive drug delivery systems.
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