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Abstract

The microanatomical features of the intestinal tract mucosa layer in different species of tetrapoda vary according to the type
of species, tissue, and function of the targeted cells. In the present study, we have evaluated the histological and histochemi-
cal variations of the intestinal tract in four species representing superclass tetrapoda. Bufo regularis (toad), Trachylepis
quinquetaeniata (lizard), Columba livia domestica (pigeon) and Mus musculus (mouse) were used as representatives for
amphibians, reptilians, avians and mammalians respectively. Histologically, the ileum’s mucosal layer of the lower tetrapods
(toad and lizard) was almost similar and consists of elongated finger-like shape villi lined with simple columnar epithelium
and goblet cells. Similarly, the microanatomical features in ileum of higher tetrapod representatives (pigeon and mouse) were
characterized by the presence of villi lined with simple columnar epithelium and scattered goblet cells as well as intestinal
glands (crypts of Lieberkiihn) at the bases of the intestinal villi. In the toad rectum, the mucosal layer was similar to that of
the ileum but with shorter villi and more numerous goblet cells. However, the mucosal layer of the rectum in the lizard had
low numbers of absorptive columnar epithelial cells with abundant goblet basal cells. Comparatively, the pigeon’s rectal
mucosa had almost a similar structure to that of ileum but in leaf-like shaped villi. Finally, the rectum of the mouse has
narrow rectal pits, instead of villi, lined with goblet cells and absorptive epithelial cells. Histochemically, the ileum in the
four studied tetrapod representatives showed varying biodistribution profiles of neutral, sulfated and carboxylated mucins.
There are variations encountered in the intestinal brush border and goblet cells of villi in all species as well as the crypts of
Lieberkiihn in higher tetrapods. Also, the rectum of all tetrapod species showed weak to strong positive signals for the three
types of mucins in the brush border and goblet cells of villi in all species and crypts of Lieberkiihn in higher tetrapods as
well. In addition, the brush border of toad’s rectum was lacking sulfated mucins and that of the lizard did not have any type
of mucins. The data of this study will contribute to understand the relationship between the microanatomical features and
mucins biodistribution profiles in the mucosal layer of tetrapod intestinal tract and their functions.
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Abbreviations Introduction
GIT Gastrointestinal tract
PAS Periodic acid Schiff The digestive system of vertebrates is consisted of many

organs performing multiple functions (Duellman and Trueb
1994; Stevens and Hume 2004). In tetrapods the gastroin-
testinal tract (GIT) is mainly composed of upper GIT and
lower GIT. The histological structures of these regions
are almost similar to each other in most of tetrapod rep-
resentatives but with different functions. However, some
histological and microanatomical variations in the mucosal
B Aziz Awaad layer of each class needs more investigations. Morphologi-
aawaad@science.sohag.edu.cg cally, the intestinal tract of most amphibians and reptilians
Department of Zoology, Faculty of Science, Sohag is composed mainly of duodenum, ileum, rectum and ends
University, Sohig 82524, Egypt with cloaca (Duellman and Trueb 1994; Vitt and Caldwell
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2013; Kardong 2006). However, in avians and mammalians
the small intestine is divided into duodenum, jejunum and
ileum. While, the large intestine in avians composed form
rectal ceca and rectum (Denbow 2015) and the mamma-
lians large intestine consists of cecum, colon and rectum
(Kardong 2006).

Histologically, the ileum of most tetrapod representatives
is composed of four main layers; serosa, muscularis, submu-
cosa and mucosa (Romer 1970). The mucosa layer showed
different histological architectures in each class. For exam-
ple, the mucosa layer of ileum in amphibians and reptilians
is composed of a simple columnar epithelium covered with
brush border in its apical portions. These epithelial cells
in participation with goblet cells line the intestinal folds
as described previously in Boana albopunctata and Boana
raniceps (as amphibian models) and Chamaeleon africanus
and Uromastyx aegyptiaca (as reptilian models) (Hamdi
2012; Hamdi et al. 2014; Valverde et al. 2019). Compara-
tively, the avian mucosa layer of ileum showed elongated
villi lined with simple columnar epithelium and scattered
goblet cells which invaginate at the base between the crypts
of Lieberkiihn and continuous with the mucosal epithelium
(Klasing 1999). Similar to aves, the ileum mucosa of mam-
mals is composed of short cylindrical villi with crypts of
Lieberkiihn located among its bases (Malewitz 1965).

Microanatomically, the rectum of lower tetrapod (amphib-
ians and reptilians) is similar to ileum but with big increase
in goblet cells number, which are important for food diges-
tion and lubrication of undigested food (Wright 1982). In
avians, the rectum has the same cell types as those of ileum
but the villi are shorter with leaf-like shape and have more
goblet cells (Hamdi 2013). However, the rectum of mam-
mals contains a large number of tubular intestinal glands
(crypts of Lieberkiihn). These glands are lined with goblet
cells, Paneth cells, absorptive cells, and a small number of
enteroendocrine cells (Mescher 2013).

Histochemically, mucus which is secreted by goblet cells
is considered as the first defense line against physical and
chemical injuries initiated by ingested food and microbial
products. It is well known that, mucins is the main com-
ponent of the mucous (Hollingsworth and Swanson 2004;
Andrianifahanana et al. 2006). Several studies have been
done concerning the biodistribution of mucins in the gas-
trointestinal tract of some amphibian (class: Anura), and
reptilian species (Ferri et al. 2001, 1999; Loo and Wong
1975). For example, it was proposed that the small and large
intestine of Ceratophrys ornate (as amphibian model) and
Laudakia Stellio and Varanus niloticus (as reptilian mod-
els) showed a positive signal of acidic and neutral mucins
in goblet cells, apical cytoplasmic portion and the apical
membrane (Fry and Kaltenbach 1999; Ahmed et al. 2009;
Shalaby 2012). In some avian representatives, for example
Tyto alba and Gallus gallus domesticus, the goblet cells of
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intestinal villi and crypts of Lieberkiihn in the small and
large intestine showed positive signals of acidic and neutral
mucins (Suprasert et al. 1987; El-Banhawy et al. 1993; El-
Sayyad 1995). While in mammals the small and large intes-
tine showed a positive signal of neutral and mixed mucins
in different mammalians species such as Acomys Spinosissi-
mus, Crocidura cyanea and Amblysomus hottentotus (Boon-
zaier et al. 2013).

Previously we reported the microanatomical and histo-
chemical biodistribution profiles of different types of mucins
in the esophagus and stomach of some tetrapod representa-
tives (Awaad et al. 2022). Here in this study we will compare
the microanatomical and biodistribution profiles of differ-
ent types of mucins in mucosa layer of small (ileum) and
large intestine (rectum) in some tetrapod representatives. We
believe that, the variation in function of different cell types
in the mucosa layer of ileum and rectum reflects variances
in microanatomy of mucosa layer and the secretions of neu-
tral and acidic mucins. The data obtained from this study
will provide us with some information about the function
of some microanatomical structures located in the mucosal
layer of lower GIT and the localization and biodistribution
profiles of different types of mucins.

Materials and methods
Materials

Nuclear fast red, alcian blue, hematoxylin and eosin, basic
fuchsin stains and periodic acid were purchased from sigma
Aldrich (Ontario, Canada).

Experimental design and study objectives

Using histological and histochemical techniques we will
comparatively investigate the morphological, microanatomi-
cal, and histochemical biodistribution profiles of the differ-
ent types of mucins in the mucosal layer of ileum and rectum
of tetrapod representatives. To achieves these objectives, the
tetrapod representatives were divided into four groups each
group contains 5 adult males. The animal groups include
toads (Bufo regularis), lizards (Trachylepis quinquetae-
niata), pigeons (Columba livia domestica) and mice (Mus
musculus) as amphibian, reptilian, avian and mammalian
representatives respectively.

Animal artificial habitat design and maintenance

Each animal group was conserved and housed in a special
artificial cage and provided with its own food at Animal
Facility at Department of Zoology, Faculty of Science,
Sohag University (Awaad et al. 2022). The amphibian
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representatives (male toads) were collected from canals and
drains nearby agricultural fields in Sohag Governorate dur-
ing the period of July to August 2020. The collected toads
were bred in an artificial habitat designed to imitate the real
toad’s habitat. The toad’s habitat was prepared of a glass
cage with dimensions (50 cm X 30 cm X 30 cm). This cage
was designed and filled with some wetted soil, water, and
some grass in order to stimulate the real habitat in which
the toads live. The toads were freely allowed to water, house
flies (Musca domestica) and earth worms (Allolobophora
caliginosa) as a standard daily food which provided by
Department of Zoology at Sohag University. The reptilian
representatives (male lizards) were collected from some area
located in Nile River banks in Sohag Governorate during
the period from June to August 2020. The prepared habitat
for lizards is composed mainly of a glass cage similar to
toad’s cages in the dimensions but settled with sand instead
of wetted soil and medium to large size rocks to stimulate
the hard nature habitat of reptiles. The daily food introduced
to the lizards was similar to that of toads. The adult males of
pigeons were raised in artificial cages prepared specifically
for upbringing of birds especially pigeons. Due to large size
of pigeons, each pigeon was raised separately in stainless-
steel cage with dimensions of (50 cm x40 cm x40 cm) bed-
ded with wooden saw dust and settled with water source
and food container. Moreover, these cages are composed of
stainless-steel cages and settled with mesh covered to allow
access of light and ventilation. The daily foods introduced
to the pigeons were wheat seeds (Triticum aestivum) and
sorghum seeds (Sorghum bicolor). The adult males of mice
were breeded and rose in an artificial cages similar to that of
pigeons (5 mice/cage). The mice had free access to rodent
chow which composed mainly of 23% protein, 5.5% fats and
65% fibers. The detailed information about the animal and
food contents were described in Table 1. All animals were
kept and housed in the animal facility at standard conditions
such as room temperature (25 °C) and 12 h. light:12 h. dark
for 2 weeks. The experimental procedures, animal handling
and maintenance in this experiment were approved and cer-
tified by the local Animal and Experimentation Committee
in the Department of Zoology, Faculty of Science, Sohag
University.

Animal dissection and organs collection

To achieve the histological and histochemical objectives of
this study, animals were anesthetized using an over dose
of diethyl ether and dissected carefully at sterilized area.
Ileum and rectum of all animals in the four groups were
collected and fixed in Carnoy’s fixative for 1 h. Thereafter,
organs were dehydrated in ascending series of ethyl alcohols,
cleared by methyl benzoate and toluene then infiltrated in
paraffin wax. Sections from ileum and rectum were cut at
7 um by the rotary microtome (RM 2125RTS; Leica Biosys-
tems, China). Then, sections were mounted on clean glass
slides and firmly affixed for 24 h at 35 °C using incubator
(Venticell 55 Comfort, MMM Medcenter Einrichtungen,
Germany).

Histological investigation

For histological investigations, sections were deparaffinized
by xylol, rehydrated in series grade of alcohols and then
washed in the distilled water. Then sections were stained
by hematoxylin for 1 min, washed in tap water for 8 min.
and rinsed in distilled water. Later, sections were stained
by eosin for 3-5 min, dehydrated through ascending series
of ethyl alcohol and cleared in xylol. Stained sections were
then mounted by DPX, covered by glass covers and exam-
ined under light microscope (Axio Scope.Al, Carl ZEISS,
Germany) (Troyer 1980).

Histochemical investigation

For histochemical investigations, we used Preparation of
periodic acid Schiff (PAS) and Alcian blue staining pro-
tocols to detect neutral and acidic mucins respectively in
the mucosal layer of ileum and rectum of each tetrapod
representative.

Preparation of periodic acid Schiff (PAS) reagent
According to Troyer (1980), PAS stain constitutes from peri-

odic acid solution (0.5%) for oxidation of neutral mucins.
Also, Schiff reagent is composed mainly of 1% basic fuchsin

Table 1 The detailed

. i ; Common name  Scientific name Weight (gm)  Type of food
information including names,
weight, and the type of food of Toad Bufo regularis 15-18 House flies: Musca domestica
each tetrapod representative Earth worms: Allolobophora caliginosa
Lizard Trachylepis quinquetaeniata ~ 7-9 House flies: Musca domestica
Earth worms: Allolobophora caliginosa
Pigeon Columba livia domestica 400-500 Wheat seeds: Triticum aestivum
Sorghum seeds: Sorghum bicolor
Mouse Mus musculus 35-40 Rodent chow: 23% protein, 5.5% fats

and 60% fibers
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and 1.9% sodium metabisulfite dissolved in hydrochloric
acid (0.15 M).

Preparation of Alcian blue solution

Based on Bancroft and Gamble (2008) Alcian blue statin
solution were prepared in two different pHs; pH 2.5 and
pH 1 for demonstration of carboxylated and sulfated mucins
respectively. Alcian blue stain solution (1%) with pH 2.5 was
prepared by mixing 1 gm of Alcian blue stain into 100 ml
from 3% acetic acid solution. Furthermore, Alcian blue stain
(1%) solution with pH 1 was prepared by mixing 1 gm from
Alcian blue stain into 100 ml of 0.1 M hydrochloric acid
solution.

Neutral mucins detection

To investigate the biodistribution profiles of neutral mucins
in the mucosal layer of ileum and rectum, dewaxed sections
were rehydrated using descending series of ethyl alcohols
and washed in distilled water. Then sections were incubated
in periodic acid solution as a weak oxidizing agent of neutral
mucins for 5 min. After oxidizing process, sections were
washed carefully by distilled water for 2 min and incubated
in Schiff reagent in room temperature for 15 min. Subse-
quentially counter staining was carried out using hematoxy-
lin stain for 10 s, washed in tap water for 5 min and followed
by washing again in distilled water. Hereafter, stained sec-
tions were dehydrated by ascending series of ethyl alcohols,
cleared by xylol and mounted by DPX (Bancroft and Gam-
ble 2008).

Carboxylated mucins detection

Alcian blue staining protocol at pH 2.5 was used to detect
carboxylated (non-sulfated) mucins in different tissues
(Machado-Santos et al. 2014). In this protocol, sections were
deparaffinized in xylene and rehydrated using ethyl alco-
hol to distilled water. Then hydrated sections were stained
for 30 min in Alcian blue stain solution at pH 2.5 at room
temperature. Thereafter, sections were washed by tap water
for 5 min followed by rinsing in distilled water and counter-
stained by nuclear fast red stain. Finally, sections were dehy-
drated, cleared by clearing reagent (xylol) and permanently
mounted by DPX (Lai and Lii 2012).

Sulfated mucins detection

For the detection of sulfated mucins in tissues, Alcian blue
stain was prepared with pH 1 as mentioned previously
(Machado-Santos et al. 2014). Deparaffinized sections from
tissues containing sulfated mucins were rehydrated in dis-
tilled water and incubated for 30 min in Alcian blue solution
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(pH 1) at room temperature. Sections then were washed in
tap water for 5 min followed by distilled water, then counter
stained with nuclear fast red. Thereafter, stained sections
were dehydrated by ethyl alcohols, cleared by xylene and
mounted by DPX (Bancroft and Gamble 2008).

Semi-quantitative analysis of histochemical stain
signals

The staining intensities of sections stained by PAS, Alcian
blue (pH 2.5) and Alcian blue (pH 1) stains expressing the
amount of neutral, carboxylated and sulfated mucins respec-
tively, were indicated by (+++) for highly positive, (++)
for moderately positive, (+) for weakly positive, and (—) for
negative signal.

Results
Histological structure of ileum in tetrapod

The present study revealed that the ileum of all tetrapod
representatives was composed of four main layers; serosa,
muscularis, submucosa and mucosa, arranged from outside
to inside respectively. There are many histological variations
encountered in the intestinal wall including all layers among
different studied species. The main variations were observed
clearly in the mucosal layer as indicated in Fig. 1A. The
mucosal layer of toad ileum is regularly enfolded forming
numerous elongated villi that are projecting into the inner
lumen. Each villus is lined with columnar epithelium with
scattered goblet cells (Fig. 1A1, A2). The lamina propria
is composed of loose connective tissue and blood vessels
and extending from the submucosa (Fig. 1A). Similarly, the
lizard’s ileum mucosa (Fig. 1B) has many elongated villi
projecting into the lumen which sound narrower than that of
toad’s ileum. Each villus is lined with simple columnar epi-
thelium having numerous goblet cells (Fig. 1B2). Compared
to toad’s ileum, the lamina propria of the lizard’s ileum is
much reduced with non-intact connective tissue and small
numbers of blood vessels (Fig. 1B1, B2).

As to the higher tetrapoda representatives (pigeon and
mouse), the muscularis layer of the pigeon’s ileum (Fig. 2A)
appeared much larger and the submucosal layer much
smaller than those of the lower tetrapod representatives (toad
and lizard). But similar to the lower tetrapod, the mucosal
layer of the pigeon has a large number of villi which are
lined with simple columnar epithelia with numerous gob-
let cells (Fig. 2A2). Microanatomically, intestinal glands
(crypts of Lieberkiihn) were encountered in the ileum of
the pigeon and with a histological structure similar to that
of villi (Fig. 2A, A1). Similar to the pigeon, the mucosa of
the mouse’s ileum (Fig. 2B) is composed of longitudinal
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Fig. 1 Photomicrographs of transverse sections of ileum stained with
hematoxylin and eosin stains in toad (A) and lizard (B). The mucosal
layer of toad’s ileum is composed mainly of longitudinal villi (Vi)
extending in the lumen (Lu). Each villus is lined with simple colum-
nar epithelium (Ep) intervened with scattered goblet cells (arrow
heads). The core of the villus named as lamina propria (Lp) is com-

villi with intestinal glands (crypts of Lieberkiihn) but it has a
wider lumen. In mouse’s ileum, the villi are relatively shorter
than those of the pigeon and are formed of simple columnar
epithelium with goblet cells (Fig. 2B1, B2). The thickness of
the muscularis and submucosa layers of the mouse ileum is
relatively small compared to other those of studied tetrapod
representatives (Fig. 2B). The lamina propria of the upper
tetrapod representatives (pigeon and mouse) is composed
of loose connective tissue with blood vessels (Fig. 2A, B).

Histological structure of rectum in tetrapod

The present study revealed a number of variations in the his-
tological structure of the rectum among the different studied
tetrapod representative, particularly in the mucosal layer.
As in the other GIT regions, the rectal wall consists of the

posed of loose connective tissue and blood vessels. Similar to toad’s
ileum, the mucosa of lizard’s ileum is composed of longitudinal folds
extending into the lumen (Lu) and is composed of simple columnar
epithelium (Ep) with goblet cells (arrow heads) but with reduced lam-
ina propria (Lp). Scale bar, A and B=50 um; A1 and B1=10 pm and
A2 and B2=5 um

four main layers; the mucosa, submucosa, muscularis and
serosa. The mucosa of toad like the case of ileum (Fig. 3A),
is folded but it has more numerous and shorter villi than
those of ileum. The villi are also lined with simple columnar
epithelium rich in goblet cells, however, the goblet cells of
the rectal villi are higher in number compared with those
of ileum (Fig. 3A1, A2). The muscularis and submucosa
layers are thicker in the rectum than in the ileum (Fig. 3A).
Comparatively, the mucosa of the lizard’s rectum (Fig. 3B)
is composed of few numbers of villi (Fig. 3B1). Each villus
is lined with basal cells intervening a large number of goblet
cells facing a narrow lumen (Fig. 3B2, A). The epithelium
of villi rests on the lamina propria which followed by mus-
cularis mucosa and muscularis.

The mucosa of pigeon’s rectum (Fig. 4A) is composed
of a large number of villi in leaf-like shape, each main
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Fig.2 Photomicrographs of transverse sections of the ileum stained
with hematoxylin and eosin stains in pigeon (A) and mouse (B). In
pigeon’s ileum the mucosal layer is composed mainly of intestinal
glands ((crypts of Lieberkiihn) (CL)). These glands open in between
the mucosal villi (Vi) rich in its lamina propria (Lp), and they are
lined with simple columnar epithelium (Ep) with goblet cells (arrow

projection is composed of a few numbers of mini branched
villi. The mucosal layer is supported by muscular sublayer
(muscularis mucosa) lying at the inner portion of the sub-
mucosa followed internally by crypts of Lieberkiihn which
open into the lumen via the villi. Each villus is lined with
simple columnar epithelium having a large number of goblet
cells (Fig. 4A1, A2). Comparatively, the mouse’s mucosal
layer (Fig. 4B) also has a muscularis mucosa, which is thin-
ner than that of pigeon. The muscularis mucosa was fol-
lowed internally by lamina propria which support and under-
lines the lining epithelium which surrounding the crypts of
Lieberkiihn. The crypts are opened in the rectal lumen form-
ing the pits the wall of which is lined with a simple columnar
epithelium and goblet cells (Fig. 4B1, B2).

Figure 5 summarizes comparatively the differences
between the mucosal layer of the ileum (Fig. 5SA-D) and

@ Springer

heads) all facing the ileum’s lumen (Lu). The mucosal layer in
mouse’s ileum as in pigeon has Crypts of Lieberkiihn (CL), villi (Vi)
lined with simple columnar epithelium (Ep) intervened with goblet
cells (arrow heads) and surround the lamina propria (Lp), these villi
extending into a wide lumen (Lu). Scale bar, A and B=50 um; Al
and B1=10 pm and A2 and B2=5 um

the rectum (Fig. SE-H) of the four tetrapod representa-
tives. The mucosal layer of the ileum of all representatives
is composed of a lining simple columnar epithelium with
different number of goblet cells. The lining epithelium
evaginates regularly to form numerous villi projecting
into the lumen. The lamina propria supports the lining
epithelium and surround the villi evenly in all studied tet-
rapods. Interestingly, a remarkable difference in the rectal
mucosal architecture was observed in the different studied
tetrapod species. The number of the goblet cells in the
lizard’s villus epithelia is higher than those in the other
tetrapod representatives. Additionally, the lamina propria
in the rectum of all tetrapod representatives is larger than
that located in the ileum.
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Fig.3 Photomicrographs of transverse sections of the rectum stained
with hematoxylin and eosin stains in toad (A) and lizard (B). The
mucosal layer of toad’s rectum is composed of numerous villi with
wide lamina propria (Lp), and lined with simple columnar epithe-
lium (Ep), having scattered goblet cells (arrow heads) facing the

Mucins biodistribution in the intestinal tract
of the studied tetrapod representatives

The localization of the mucins was mainly detected in the
mucosal layer, particularly, in the goblet cells in all tetrapod
representatives.

Neutral mucins biodistribution in ileum of tetrapod

As shown in Fig. 6A, the mucosal layer of toad’s ileum
showed a moderately positive signal of neutral mucins in
the goblet cells and brush border (Fig. 6A1, A2). However,
no signal was seen in the lamina propria, lining epithe-
lium, submucosa and muscularis (Fig. 6A). The mucosal
layer of the lizard’s ileum, in turn, showed a strong expres-
sion of neutral mucins in the goblet cells and brush border

inner lumen (Lu). The rectal mucosa of the lizard’s is composed of
short villi and longitudinal folds lined by columnar epithelium (Ep)
with massive number of goblet cells (arrow heads) resting on a rela-
tively thick lamina propria (Lp).Scale bar, A and B=50 pm; A1 and
B1=10 um and A2 and B2=5 pm

(Fig. 6B1), a moderate expression in lining epithelium
(Fig. 6B2) and a weak expression in the muscularis and
submucosa layers (Fig. 6B).

The mucosal layer of pigeon’s ileum as shown Fig. 7A,
showed a strong positive signal for neutral mucins in the
goblet cells of villi and crypts of Lieberkiihn as well as in
the brush border (Fig. 7A1, A2). However, a weak positive
signal of neutral mucins was detected in submucosa and
muscularis (Fig. 7A). However, the neutral mucins were
not detected neither in the lamina propria nor in the lin-
ing epithelial cells (Fig. 7A2). Comparatively, the mucosa
of mouse’s ileum as shown in Fig. 7B, showed a moder-
ate positive signal of neutral mucins in the brush border,
goblet cells of villi and crypts of Lieberkiihn (Fig. 7B2).
In contrast, neutral mucins showed a weak positive signal
in the muscularis (Fig. 7B), but they were negative signal
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Fig.4 Photomicrographs of transverse sections of the rectum stained
with hematoxylin and eosin stains in pigeon (A) and mouse (B). The
mucosa of pigeon’s rectum is composed of muscularis mucosa (Mm)
followed by Crypts of Lieberkiihn (CL) at the base of the villi. The
crypts are surrounded by lamina propria (Lp) and the villi are lined
with simple columnar epithelial (Ep) and the goblet cells (arrow
heads) facing the inner lumen (Lu). The mucosa of mouse’s rectum

in the lamina propria, lining epithelium and submucosa
(Fig. 7B, B1).

Carboxylated mucins biodistribution in ileum of tetrapod

As shown in Fig. 8A, the mucosa of the toad’s ileum showed
a strong positive signal of carboxylated mucins in the brush
border and goblet cells (Fig. 8A1, A2). However, carboxy-
lated mucins were not seen in the lamina propria (Fig. 8A1),
lining epithelium (Fig. 8A2), submucosa and muscularis
(Fig. 8A). The mucosa of lizard’s ileum, in turn, showed
a moderate positive signal of carboxylated mucins in the
brush border and goblet cells (Fig. 8B2). In contrast, the
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is composed also of small muscularis mucosa (Mm) followed by
lamina propria (Lp) surrounding Crypts of Lieberkiihn (CL) which
open in the rectal pits. The rectal pits are lined with simple colum-
nar epithelium with a large number of goblet cells (arrow heads) all
are facing the inner lumen (Lu). Scale bar, A and B=50 pm; Al and
B1=10 um and A2 and B2=5 pm

lamina propria (Fig. 8B1), the submucosa, the longitudinal
muscle layer of muscularis and the serosa (Fig. 8B) showed
a weak localization of carboxylated mucins. Moreover, no
signals of the carboxylated mucins were seen in the lining
epithelial cells nor in circular muscle layer of muscularis
(Fig. 8B, B1).

The mucosa of the pigeon’s ileum as shown in Fig. 9A
showed a strong expression of carboxylated mucins in
the brush border and goblet cells of villi and crypts of
Lieberkiihn (Fig. 9A1). However, the carboxylated mucins
had no localization neither in the lining epithelial cells
(Fig. 9A2), nor in the lamina propria (Fig. 9A1) nor in the
other tissue compartments (Fig. 9A). The mucosa of mouse’s
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Toad

Lizard

Pigeon

Mouse

Fig.5 Cartoon drawings showing the mucosal layer with detailed
structures in ileum (A-D), rectum (E-H) of tetrapod representa-
tives. The number of the goblet cells in the epithelial layer of rectum
in most tetrapod representative is higher than those of the ileum. The
lamina propria thickness differs from ileum to rectum and from class
to class. Ep epithelium, Lp lamina propria, Gc¢ goblet cells, Bv blood
vessel, Bb brush border. Illustrations were drawn by adobe photoshop
2020

ileum (Fig. 9B) showed a moderate positive signal in the
villi brush border and weak signal in goblet cells of villi and
crypts of Lieberkiihn (Fig. 9B2). Finally, the carboxylated
mucins were negative in the lamina propria, the lining epi-
thelium and the rest of other tissue compartments (Fig. 9B,
B1).

Sulfated mucins biodistribution in ileum of tetrapod

As shown in Fig. 10A, the mucosa of toad’s ileum reveled a
moderate positive signal of sulfated mucins in the brush bor-
der and the goblet cells (Fig. 10A2). Sulfated mucins showed
a weak positive signal in the lamina propria and submucosa
(Fig. 10A1). However, they were negative in the lining epi-
thelium and the muscularis layer (Fig. 10A). In comparison
to toad’s ileum, the mucosa of the lizard’s ileum (Fig. 10B)
showed a moderate positive signal of sulfated mucins in gob-
let cells and brush border (Fig. 10B2). However, sulfated
mucins were not seen neither in the lining epithelium, nor
in the lamina propria nor in the other layers (Fig. 10B, B1).

The mucosa of the pigeon’s ileum (Fig. 11A) showed a
strong expression of sulfated mucins in the brush border and
goblet cells of villi and crypts of Lieberkiihn (Fig. 11A2).
However, the other layers in the pigeon’s ileum were nega-
tive (Fig. 11A, Al). In a similar manner, the mucosa of the
mouse’s ileum (Fig. 11B) showed a strong positive signal
of the sulfated mucins in goblet cells of villi and crypts of
Lieberkiihn (Fig. 11B1). Sulfated mucins also showed a
moderate signal in the brush border (Fig. 11B2), but they
were negative in the lining epithelium, lamina propria and
the rest of tissue compartments (Fig. 11B).

Neutral mucins biodistribution in rectum of tetrapod

As shown in Fig. 12A, the rectal mucosa of the toad showed
a high localization of the neutral mucins in the goblet cells
and brush border (Fig. 12A2), a moderate localization in the
muscularis (Fig. 12A) and a weak localization in the lamina
propria (Fig. 12A1). However, neutral mucins were absent
in lining epithelium and submucosa layers of the toad’s rec-
tum. The mucosa of the lizard’s rectum (Fig. 12B) showed
similar localization profiles of neutral mucins as shown in
the toad’s rectum. Interestingly, the neutral mucins showed
a strong positive signal associated with massive number of
goblet cells (Fig. 12B2). Additionally, the lamina propria
and submucosa showed a moderate positive signal of neutral
mucins. However, the muscularis layer showed a weak signal
of neutral mucins (Fig. 12B, B1).

Comparatively, the mucosa of the pigeon’s rectum
(Fig. 13A) showed a strong positive signal of neutral mucins
in the brush border and goblet cells of mucosal villi and
crypts of Lieberkiihn (Fig. 13A1, A2) and a weak signal
in the lamina propria, muscularis mucosa, muscularis and
submucosa layers (Fig. 13A, Al). The neutral mucins were,
however, negative in the lining epithelium (Fig. 13A2).
In the mouse’s rectum, the neutral mucins were heavily
localized in the goblet cells of rectal pits and crypts of
Lieberkiihn. As well as in the brush border (Fig. 13B1).
However, muscularis mucosa, submucosa and muscularis
layers showed a weak positive signal of neutral mucins
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Fig.6 Photomicrographs of transverse sections of the ileum stained
with PAS stain and counterstained with hematoxylin showing the
localization and biodistribution of neutral mucins (purple color) in
mucosa of toad (A) and lizard (B). The neutral mucins in the mucosa
of toad’s ileum showed a moderately positive signal in the goblet
cells of the villi (arrow heads) and brush border (arrow) but they were

(Fig. 13B). Finally, the lining epithelium was negative from
neutral mucins (Fig. 13B2).

Carboxylated mucins biodistribution in rectum of tetrapod

As shown in Fig. 14A, the mucosa of the toad’s rectum
showed only a strong positive signal of carboxylated
mucins in the goblet cells of the mucosal villi (Fig. 14A2)
but a weak signal in the submucosa and lamina propria
layers (Fig. 14A1). No signals of carboxylated mucins
were seen in the rest of all layers compartment. The gob-
let cells of mucosal fold in lizard’s mucosa were heavily
loaded (Fig. 14B2), while submucosa was slightly loaded
with carboxylated mucins (Fig. 14B). Unlike the toad’s
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negative in muscularis, lamina propria (Lp) and lining epithelium
(Ep). The mucosa of lizard’s ileum showed a strong positive signal in
goblet cells (arrow heads) and brush border (arrow), a moderate posi-
tive signal in the lining epithelium (Ep) especially brush border and
a weak signal in muscularis layer (Mu). Scale bar, A and B=50 um;
Al and B1 =10 um and A2 and B2=5 um

mucosa, the lamina propria of lizard mucosa was nega-
tive for carboxylated mucins, in addition to the other layer
compartments (Fig. 14B, B1).

The pigeon’s rectal mucosa showed a strong positive
signal of carboxylated mucins in the brush border and
goblet cells of mucosal villi and crypts of Lieberkiihn
(Fig. 15A1, A2). Also, a weak positive signal of car-
boxylated mucins was seen in the serosa, however, the
other layers compartment were negative (Fig. 15A). In the
rectum of the mouse (Fig. 15B), positive signals of car-
boxylated mucins were only seen in the brush border and
goblet cells of the rectal villi and crypts of Lieberkiihn
(Fig. 15B1, B2).
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Fig. 7 Photomicrographs of transverse sections of the ileum stained
with PAS stain and counterstained with hematoxylin showing the
localization and biodistribution of neutral mucins (purple color) in
mucosa of pigeon (A) and mouse (B). The mucosa of the pigeon’s
ileum showed a strong positive expression of neutral mucins in the
goblet cells of villi, crypts of Lieberkiihn (arrow heads) and brush
border (arrow). However, they are weakly positive in the muscularis

Sulfated mucins biodistribution in rectum of tetrapod

In the toad’s mucosa (Fig. 16A) only the goblet cells of
mucosal villi and the brush border had strong positive sig-
nals of sulfated mucins (Fig. 16A2) while all other layers
were negative. Similarly, the mucosa of lizard’s rectum
showed a strong positive signal of sulfated mucins only in
a large number of goblet cells of mucosal villi (Fig. 16B1,
B2) but all other layers were negative of sulfated mucins
(Fig. 16B).

The sulfated mucins in the pigeon’s mucosa were heav-
ily localized only in the brush border and the goblet cells
of crypts of Lieberkiihn and the mucosal villi (Fig. 17A1,
2). However, no signals of sulfated mucins were seen in the
other rectal layers (Fig. 17A). The biodistribution profiles of

(Mu), submucosa (SM) and negative in the lamina propria (Lp) as
well as the lining epithelium (Ep). The mucosa of the mouse’s ileum
showed a moderately positive in the goblet cells (arrow heads), brush
border (arrow) of villi and crypts of Lieberkiihn (CL). Muscularis
(Mu) layer shows a weak positive, while lining epithelium (Ep) and
lamina propria (Lp) showed no signals. Scale bar, A and B=50 pm;
Al and B1=10 um and A2 and B2=5 pum

the sulfated mucins in the mucosa of mouse’s rectum were
nearly similar to those in the pigeon but in a lower level.
Specifically, the mucosa of the mouse’s rectum showed a
moderate positive signal of sulfated mucins in the goblet
cells of mucosal pits and crypts of Lieberkiihn (Fig. 17B2).
While the brush border of the mucosal villi showed a weak
signal (Fig. 17B1) the other layers were negative of sulfated
mucins (Fig. 17B).

Figure 18 and Table 2 summarizing the localization and
biodistribution profiles of neutral, carboxylated and sulfated
mucins in both ileum and rectum mucosae of the four stud-
ied tetrapod representatives. In general, the goblet cells were
loaded with different types of mucins in the ileum and the
rectum of all studied tetrapod representatives with varied
degrees of mucins level. The lining columnar epithelial cells
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Toad

Lizard

Fig. 8 Photomicrographs of transverse sections of the ileum stained
with Alcian blue stain at pH=2.5 and counterstained with nuclear
fast red showing the localization and biodistribution of carboxy-
lated mucins (blue color) in mucosa of toad (A) and lizard (B). The
mucosa of toad’s ileum showes a strong positive signal in the brush
border (arrow) and goblet cells (arrow heads), while it has no signals
in all other tissuecompartments. The mucosa of the lizard’s ileum

were negative from all different types of mucins both in ileum
and rectum. On the other hand, the brush border had positive
expressions for all mucins with varying staining intensities
in all ileal and rectal mucosae of lizard, pigeon, and mouse.
Contradictory, the brush border in the villi of toad’s rectum
showed a negative localization of sulfated mucins (Fig. 18F-I).
However, the brush border of the lizard had a negative expres-
sion of all mucin types (Fig. 18D-F(I)).

Discussion
The microanatomical features of the intestinal tract spe-

cially the mucosal layer showed variations among tet-
rapoda classes or even between two species in the same
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showes a moderately positive signal in goblet cells (arrow heads) and
brush border (arrow); weakly postive signals in the submucosa (SM),
lamina propria (Lp), serosa and longtudinal muscle layer of muscula-
ris (double headed arrow) However, carboxylated mucins are negative
in the lining epithelium (EP) and circular muscle layer of muscularis
(bold arrow). Scale bar, A and B=50 um; A1 and B1=10 pm and A2
and B2=5 pm

class. These variations are related to regional difference in
the intestinal tract (duodenum, jejunum, ileum, rectum....
etc.) and the function of each region (Stevens and Hume
2004). Excitingly, the main differences were observed in the
mucosal layer as compared to other layers. In amphibians
such as Bufo regularis investigated in this study and Boana
albopunctata and Boana raniceps in previous studies, the
mucosal layer of the small intestine is composed of elon-
gated villi lined with simple columnar epithelium and scat-
tered goblet cells between absorptive cells (Valverde et al.
2019). Similarly, the lizard (Trachylepis quinquetaeniata
manipulated by this study) has a mucosal layer similar to that
of amphibians with many longitudinal folds facing the inner
lumen but showing a reduction in the lamina propria. The
same results were observed in many other reptilian models
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Mouse

Fig.9 Photomicrographs of transverse sections of the ileum stained
with Alcian blue stain at pH 2.5 and counterstained with nuclear
fast red showing the localization and biodistribution of carboxylated
mucins (blue color) in mucosa of pigeon (A) and mouse (B). The
mucosa of the pigeon’s ileum shows a strong expression of carboxy-
lated mucins in the brush border (arrow), goblet cells (arrow heads)
of villi and crypts of Lieberkiihn (CL); while it has no signals in the

such as Chamaeleon africanus, Uromastyx aegyptiaca and
Laudakia stellio (Hamdi 2012; Shalaby 2012; Hamdi et al.
2014). Interestingly, in our study, the lower tetrapod’s ileum
didn’t show any presence of intestinal glands. However, the
intestinal glands were found in the midgut of salamander and
some reptiles (Luppa 1976), although, those of reptiles were
less developed than those of birds and mammals (Stevens
and Hume 2004).

The mucosal layer of ileum in the avians such as Columba
livia domestica at the present study and Elanus caeruleus
and Coturnix coturnix is composed of intestinal glands
called crypts of Lieberkiihn. Also, numerous longitudinal
villi are lined with simple columnar epithelium and goblet
cells (Ziswiler 1986; Hamdi 2013; Zaher et al. 2012). In

lining epithelium (Ep), lamina propria (Lp) and all other tissue com-
partments. The mucosa of the mouse’s ileum shows weakly positive
signals in goblet cells (arrow heads) of villi and crypts of lieberkuhn
(CL); and a moderatley positive signal in the brush border (arrow).
carboxylated mucins are negative in the lining epithelium (Ep), lam-
ina propria (Lp) and all other layers.. Scale bar, A and B=50 um; Al
and B1=10 pm and A2 and B2=5 um

mammals (Mus musculus in this study) the ileum showed
thin muscularis layer in comparable to that of birds. How-
ever, the mucosal layer of mouse’s intestine is characterized
with short cylindrical villi, and crypts of Lieberkiihn which
are surrounded by lamina propria and composed of several
types of cells such as absorptive, Paneth cells and goblet
cells. The results of this study are matching the previous
study of three marsupials species (Didelphis albiventris,
Monodelphis dimidiate, Lestodelphys halli and Atelerix
albiventris) (Andrini et al. 2019; Jaji et al. 2019). The main
difference between the mucosal layer of the lower tetrapod
(toad and lizard) and the higher tetrapod (pigeon and mouse)
is the presence of the crypts of Lieberkiihn. Microanatomi-
cally, the structure of ileum is largely appropriate to its
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Fig. 10 Photomicrographs of transverse sections of the ileum stained
with Alcian blue stain at pH 1 and counterstained with nuclear fast
red showing the localization and biodistribution of sulfated mucins
(blue color) in mucosa of toad (A) and lizard (B). The mucosa of the
toad’s ileum shows a moderately positive signal in the goblet cells
(arrow heads) and brush border (arrow); a weakly positive in the sub-
mucosa (SM) and lamina propria (Ep) but no signals in the lining epi-

function and regional peculiarity. The ileal numerous villi
are helping in increasing the luminal absorption surface, also
its mucous goblet cells, act as a digestive, absorptive and
protective functions as well as the lubrication of the undi-
gested food passed into the large intestine (rectum) (Johnson
et al. 2006; Valverde et al. 2019).

Similar to the ileum, the microanatomy of the rectal
mucosa in the toad (bufo regularis as a model of the current
study), is composed of elongated villi similar to those of the
ileum but with shorter length and more numerous goblet
cells (Claypole 1897). These observations agreed with those
of Bufo melanostictus, Boana albopunctata, Boana raniceps
(Loo and Wong 1975; Valverde et al. 2019). Otherwise in the
reptilian model of this study (Trachylepis quinquetaeniata),
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thelium (Ep) and the other remaining tissue compartments were seen.
The mucosa of the lizard’s ileum shows a moderately positive signal
in the brush border (arrow) and goblet cells (arrow heads) but no sig-
nals are seen in the lining epithelium (Ep), lamina propria (Lp) and
all other tissue compartments. Scale bar, A and B=50 um; Al and
B1=10 um and A2 and B2=5 ym

the rectal mucosal layer is composed of massive number
of goblet cells with basal cells interposed between them.
These results agree with some extent of a previously pub-
lished study using Uromastyx aegyptiaca, which has a rec-
tal mucosa lined with columnar epithelium, basal cells and
large number of goblet cells (Hamdi 2012). However, these
data disagree with what was previously published using cha-
meleon africanus and Laudakia Stellio which have showed
rectal mucosae composed of simple columnar epithelium
with few goblet cells (Shalaby 2012; Hamdi et al. 2014).
Comparatively, the rectal mucosal layer of the pigeon as
a model for aves in the present study has a leaf-like shaped
villi with a composition similar to those of ileum but
shorter in length. These results agreed with those published
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Pigeon

Mouse

Fig. 11 Photomicrographs of transverse sections of the ileum stained
with Alcian blue stain at pH 1 and counterstained with nuclear fast
red showing the localization and biodistribution of sulfated mucins
(blue color) in mucosa of pigeon (A) and mouse (B). The mucosa
of the pigeon’s ileum shows a strong signal of sulfated mucins in
the brush border (arrow) and goblet cells (arrow heads) of crypts of
Lieberkiihn (CL) and villi, but no signals are seen in the lining epi-

previously using an avian model (Coturnix coturnix) (Klas-
ing 1999; Zaher et al. 2012). Unlike the ileum, the mucosa
of the mouse’s rectum showed no villi but instead there
were rectal pits which are characterized with the presence
of enterocytes and goblet cells with crypts of Lieberkiihn
among the pits. Recently, similar result were reported in
some mammalian representatives such as Rhinolophus fer-
rumequinum, Lestodelphys halli and Monodelphis dimidiate
(Suganuma et al. 1981). However, few smaller villi were
observed in the rectum of Didelphis albiventris as a mam-
malian model (Scillitani et al. 2007; Andrini et al. 2019).
The histological microanatomical features of rectum are
appropriated and accommodate to its function as it reab-
sorbs fluids and electrolytes and collects the undigested food

thelium (Ep), lamina propria (Lp) and the rest of mucosal compart-
ments. The mucosa of the mouse’s ileum shows a strong positive sig-
nal in the goblet cells (arrow heads) of villi and crypts of Lieberkiihn;
and a moderately positive in the brush border (arrows); while it has
no signals in the lamina propria (Lp) and lining epithelium (Ep) as
well as the remaining of the tissue compartments. Scale bar, A and
B=50 um; A1 and B1=10 pm and A2 and B2=5 um

to pass it to the cloaca as reported previously (Martini and
Ober 2006).

Histochemically, mucins are categorized into neutral (car-
rying no charges) and acidic mucins (carrying a carboxyl or
sulfuric acid group) (Filipe and MI 1979). Generally, mucins
play a role in lubricating food along the intestinal tract, pro-
tecting epithelium form abrasive movements of food, patho-
gens and toxins (Laux et al. 2005; Rose and Voynow 2006).
It has been proposed that sulfated mucins play a vital role in
chemical defense of epithelia against enzymatic degradation
of the mucus barrier by bacterial glycosidase (Eggert-Kruse
et al. 2000). The present study revealed that the ileum of
amphibians exhibited a positive signal for neutral as well as
acidic mucins in the goblet cells and brush border of toad’s
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Toad
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Fig. 12 Photomicrographs of transverse sections of the rectum
stained with PAS stain and counterstained with hematoxylin show-
ing the localization and biodistribution of neutral mucins (purple
color) in the mucosa layer of toad (A) and lizard (B). The mucosa
of the toad’s rectum shows a strong positive signal in the goblet cells
(arrow heads) and brush border (arrow); a moderate signal in mus-

epithelium. These data are consistent with those of a previ-
ously published study using two species of amphibians such
as, salamander (Proteus anguinus) and the frog Rana aurora
aurora (Ferri et al. 2001; Bizjak Mali and Bulog 2004).
Also, the present study revealed that the lizard’s columnar
epithelium located in the mucosal layer displayed a positive
signal of neutral mucins only in its apical cytoplasmic por-
tion. However, the goblet cells and brush border showed a
positive for the three types of mucins. These findings agreed
with those of Hamdi (2012) and Hamdi et al. (2014) who
reported the same observations in Chamaeleon africanus
and Uromastyx aegyptiaca.

Comparatively, in higher tetrapod representatives (pigeon
and mouse), the ileum showed a localization with varying
degrees of neutral, carboxylated and sulfated mucins in
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cularis (Mu); and a weak signal in the lamina propria (Lp) but it has
no signals in the lining epithelium (Ep) and submucosa (SM). The
mucosa of the lizard’s rectum shows moderate positive signals in the
goblet cells (arrow heads), lamina propria (Lp) and submucosa (SM)
and a weak positive signal in the muscularis (Mu). Scale bar, A and
B=50 um; A1 and B1=10 pm and A2 and B2=5 pm

the intestinal villi, brush border and crypts of Lieberkiihn.
Similar biodistribution profiles were observed in the black
winged kite (Elanus caeruleus) and chickens (Gallus gallus
domesticus) digestive tract (Pastor et al. 1988; Hamdi 2013).
The mammalian model in our study showed a moderate to
strong localization of neutral mucins in the goblet cells and
brush border of epithelial cells of ileum and rectum. In cor-
respondence to the data observed in mouse, similar findings
were seen in other models such as Amblysomus hottentotus,
Acomys Spinosissimus and Rhinolophus ferrumequinum
(Scillitani et al. 2007; Boonzaier et al. 2013).

The rectum of lower tetrapod representatives showed
a localization of the three types of mucins in the goblet
cells of the mucosal villi and brush border of ileum and
rectum. Interestingly, the brush border of absorptive cells
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Mouse

Fig. 13 Photomicrographs of transverse sections of the rectum
stained with PAS stain and counterstained with hematoxylin show-
ing the localization and biodistribution of neutral mucins (purple
color) in mucosa of pigeon (A) and mouse (B). The mucosa of the
pigeon’s rectum shows a strong positive signal in the brush border
(arrows) and goblet cells of villi and crypts of Lieberkiihn; weak sig-
nals in lamina propria (Lp), submucosa (SM) and muscularis (Mu)

in toad’s rectal mucosa didn’t show any signal for carboxy-
lated mucins. Absence of carboxylated mucins indicates the
absence of sialomucins and presence of neutral and sulfomu-
cins as reported previously in some mammalian species as
(Cricetinae, Rattus and Mus musculus) (Sheahan and Jervis
1976). However, Triturus carnifex and Bufo melanostictus as
amphibian models showed positive signals for both neutral
and acidic mucins in the goblet cells of the large intestine
(Loo and Wong 1975; Liquori et al. 2007). Similar to the
data of the present study the goblet cells and brush border
of the reptilian models, Uromastyx aegyptiaca, Chamaeleon
africanus and Varanus salvator revealed positive signals for
neutral and acidic mucins. In contrast, the columnar epithe-
lial cells in these species showed a variation in amount of

but a negative signal in the lining epithelium (Ep). The mucosa of the
mouse’s rectum shows a strong positive signal of the neutral mucins
in the brush border (arrows) and goblet cells of villi and crypts of
Lieberkiihn; weak positive signals in the submucosa (SM), muscula-
ris mucosa (Mm) and muscularis (Mu) and negative signals in lamina
propria (Lp) and lining epithelium (Ep). Scale bar, A and B=50 pm;
Al and B1=10 um and A2 and B2=5 um

their content of neutral mucins (Hamdi 2012; Hamdi et al.
2014; Widyaningsih 2020). However, our data showed that
most of absorptive endothelial cells of the ileum and rectum
in all studied tetrapod representatives lack neutral and acidic
mucins except those of reptiles. This may be due to the type
of food intake and its carbohydrate contents.

On the other side, the higher tetrapod representatives of
the present study (pigeon and mouse) showed a positive
localization of neutral, carboxylated and sulfated mucins in
most of mucosal layer compartments. Similar results were
observed in Elanus caeruleus and Coturnix coturnix (ava-
ian models) where a weak positive signal for all mucins
was observed on the surface of epithelial cells in the former
model and a stronger signal in the latter one. In contrast,
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Fig. 14 Photomicrographs of transverse sections of the rectum
stained with Alcian blue stain at pH 2.5 and counterstained with
nuclear fast red showing the localization and biodistribution of car-
boxylated mucins (blue color) in mucosa of toad (A) and lizard (B).
The mucosa of the toad’s rectum shows a strong expression of car-
boxylated mucins in the goblet cells (arrow heads) of villi; a weak
positive signal in the lamina propria (Lp) and negative signals in the

the large intestine of the chicken (Gallus gallus domesticus)
showed strong positive signals for the three types of mucins
but with variation in strength between the goblet cells of
villi and crypts of Lieberkiihn (Suprasert et al. 1987; Zaher
et al. 2012; Hamdi 2013). Interestingly, the biodistribu-
tion profiles of all mucins in our study mammalian model
(mouse) was similar to a number of previously published
studies using different mammalian models (Sheahan and
Jervis 1976; Boonzaier et al. 2013; Johnson et al. 2016).
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brush border (arrow), lining epithelium (Ep) and all other tissue com-
partments. The mucosa of the lizard’s rectum shows a strong positive
signal in the goblet cells (arrow heads), a weak positive signal in the
submucosa (SM) but no signal in the lamina propria (Lp), lining epi-
thelium (Ep) and muscularis (Mu). Scale bar, A and B=50 um; A1l
and B1=10 pm and A2 and B2=5 ym

In conclusion the present study showed the microana-
tomical and histochemical variations in the mucosal layer
of the intestinal tract (ileum and rectum) in some tetrapod
representatives. These variations may be due to the dif-
ferent function of each region in the intestinal tract. The
different mucins biodistribution profiles in the intestinal
tract mucosal layer may indicate the different regional
functions and its relation with different mucin types in the
intestinal tract. Finally, the data of this study will help us
to understand the relationship between the microanatomi-
cal features of the intestinal mucosa and their functions
especially those related to mucins production.
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Fig. 15 Photomicrographs of transverse sections of the rectum
stained with Alcian blue stain at pH 2.5 and counterstained with
nuclear fast red showing localization and biodistribution of carboxy-
lated mucins (blue color) in mucosa of pigeon (A) and mouse (B).
The mucosa of the pigeon’s rectum shows a strong positive signal in
the brush border (arrow) and goblet cells (arrow heads) of villi and
crypts of Lieberkiihn; a weak positive signal in the serosa (Se) and

it has no signal in the lining epithelium (Ep) lamina propria (Lp) and
all other tissue compartments. The mucosa of the mouse’s rectum
shows a strong expression of carboxylated mucins in the brush bor-
der (arrow) and goblet cells (arrow heads) of rectal pits and crypts
of Lieberkiihn (CL) but it is negative in the lining epithelium (Ep),
lamina propria (Lp) and all the remaining tissue compartments. Scale
bar, A and B=50 pum; A1 and B1=10 um and A2 and B2=5 pm
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Toad

Lizard

Fig. 16 Photomicrographs of transverse sections of the rectum
stained with Alcian blue stain at pH 1 and counterstained with
nuclear fast red showing the localization and biodistribution of sul-
fated mucins (blue color) in mucosa of toad (A) and lizard (B). The
mucosa of the toad’s rectum shows a strong positive signal in the
brush border (arrow) and goblet cells (arrow heads) of the rectal villi
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but it has no signals in the lining epithelium (Ep), lamina propria (Lp)
and all other tissue compartments. The mucosa of the lizard’s rectum
shows a strong positive signal of sulfated mucins in the goblet cells
(arrow heads but it has no signal in all epithelial cells and other tissue
compartments. Scale bar, A and B=50 pm; A1 and B1=10 um and
A2 and B2=5pum
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Fig. 17 Photomicrographs of transverse sections of the rectum
stained with Alcian blue stain at pH 1 and counterstained with
nuclear fast red showing localization and biodistribution of sulfated
mucins (blue color) in mucosa of pigeon (A) and mouse (B). The
mucosa of the pigeon’s rectum shows a strong positive signal in the
brush border (arrows) and goblet cells (arrow heads) of rectal villi
and crypts of Lieberkiihn (CL) but it has no signals in the other rec-

tal compartments. The mucosa of the mouse’s rectum shows moder-
ate positive signal in the goblet cells (arrow heads) of rectal villi and
crypts of Lieberkiihn (CL); a weak signal in the brush border (arrow)
but it has no signals in the lamina propria (Lp), lining epithelium (Ep)
as well as other rectal compartments. Scale bar, A and B=50 pm; Al
and B1=10 pm and A2 and B2=5 ym

@ Springer
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Fig. 18 Cartoon drawings of epithelial cell layer of the ileum (A-C)
and rectum (D-F) of tetrapod representatives. The biodistribution of
neutral mucins (A and D), carboxylated mucins (B and E) and sul-
fated mucins (C and F) was comparatively concluded in mucosa layer
of ileum and rectum of toad (I), lizard (II), pigeon (III) and mouse
(IV). Goblet cells are loaded with all three types of mucins in the
mucosal layer of ileum and rectum in all tetrapod representatives.

@ Springer

The enterocytes, however, are free of all types of mucins in all tetra-
pod representatives except apical cytoplasmic portions of the lizard’s
ileum which are positive for neutral mucins. The brush border of
ileum and rectum mucosae show positivity for all mucins in all tetra-
pod representatives. The toad’s is free of carboxylated mucins. Illus-
trations were drawn by adobe photoshop 2020
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Table 2 The biodistribution and localization profiles of neutral, carboxylated and sulfated mucins in different types of mucosal cells in ileum and

rectum of each tetrapod representative

Organ Neutral mucins

Ileum Rectum
Layers Ge Lp CL Ep Bb Gce Lp CL Ep Bb
Toad ++ - X - ++ +++ + X - +++
Lizard +++ - X ++ +++ +++ ++ X - X
Pigeon +++ - +++ - +++ +++ + +++ - +++
Mouse ++ - ++ - ++ +++ - +++ - +++
Organ Carboxylated mucins

Ileum Rectum
Layers Ge Lp CL Ep Bb Ge Lp CL Ep Bb
Toad +++ - X - +++ +++ + X - -
Lizard ++ + X - +++ +++ - X - X
Pigeon +++ - +++ - +++ +++ - +++ - +++
Mouse + - + - ++ +++ - +++ - +++
Organ Sulfated mucins

Ileum Rectum
Layers Gc Lp CL Ep Bb Gce Lp CL Ep Bb
Toad ++ + X - ++ +++ - X - +++
Lizard ++ - X - ++ +++ - X - X
Pigeon +++ - +++ - +++ +++ - +++ - +++
Mouse +++ - +++ - ++ ++ - ++ - +

Gc goblet cells, Lp lamina propria, CL Crypts of Lieberkiihn, Ep lining epithelium, Bb brush border. Highly positive (44 +), moderately posi-

tive (++), weakly positive (+) and negative (—)
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