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Abstract
Background—In humans and in baboons, protracted gastro-esophageal reflux (GER) transforms
the squamous-lined esophagus into columnar-lined (that is Barrett's mucosa, BM). Alcian blue
stain (AB) is used to evidence sialomucin-producing goblet cells in human BM.

Aim—To assess the frequency and distribution of sialomucin-producing cells in BM in baboons.

Materials and Methods—Sections from 137 consecutive baboon esophagi were alternatively
stained with hematoxylin-eosin (H&E) and with AB (pH 2.5), without counterstain.

Results—Out of 137 baboons, 131 (95.6%) had BM. Columnar and intramucosal glandular cells
produced sialomucin in all 131 of these animals. Many BM cells were ballooned and filled with
sialomucins, despite goblet cells not being found in H&E sections.

Conclusion—In humans, protracted GER is a disease requiring medication that may lead to BM;
AB stains mainly goblet cells and occasional columnar cells in BM. In baboons, in contrast, BM is
a natural postnatal process of adaptation to GER, triggered by regurgitation and rumination. AB
stains all columnar and intra-mucosal glandular cells. Sialomucin-overstuffed cells were more
frequent and larger in baboons than in humans. The extra load of sialomucin in BM might be an
integrated part of the postnatal life-long process of adaptation to regurgitation and rumination in
baboons.
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The esophagus in baboons is a tubular, predominantly intrathoracic organ, covered with
stratified squamous epithelium having discrete papillae. Near the gastric junction the
papillae are more prominent and intramucosal and submucosal accessory glands may be
present (1). Under the influence of protracted gastric reflux generated by the chewing of
regurgitated food, that is rumination (2), the multilayered squamous cell-lined mucosa
becomes columnar-lined, having intramucosal mucus-producing accesory glands (3). The
function of this glandulo-metaplastic mucosa is to buffer the low pH of the gastric juices
entering the esophagus during regurgitation (4).

In humans, the stratified squamous epithelium of the esophagus also becomes columnar-
lined under the influence of protracted gastric reflux (5). This transformation, known as
Barrett's mucosa (BM)6 exhibits three main histological phenotypes: i) columnar-lined
mucosa with accessory cardio-pyloric glands, ii) columnar-lined mucosa with accessory
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fundic glands, and iii) columnar-lined mucosa with crypts showing intercalated goblet cells
and occasional Paneth cells. The latter epithelium is referred to as intestinal metaplasia (IM)
(6).

In clinical praxis, sialomucin-producing goblet cells are evidenced in sections stained with
Alcian blue (AB) (pH 2.5), counterstained with 0.5 aqueous neutral red. But when AB (pH
2.5) is used without the interference of other colorants, sialomucin-producing cells are more
easily identified in both humans (7–9) and rodents (10, 11). This procedure even allows the
quantification of sialomucin-producing cells (7, 9–11).

In all three BM histological phenotypes in humans, columnar cells secrete neutral mucins
whereas goblet cells in IM produce sialomucins (12). In clinical biopsies Chen et al. (13)
found, however, that even columnar cells in IM may occasionally contain sialomucins.
These authors postulated that sialomucin-positive columnar cells might represent an early or
incomplete form of IM (13).

The purpose of the present work was to assess the frequency and distribution of sialomucin-
producing cells in the columnar-lined esophageal mucosa in baboons.

Materials and Methods
A cohort of 163 consecutive esophagi from adult baboons was investigated. The baboons
were members of colonies at the Southwest National Primate Research Center, Southwest
Foundation for Biomedical Research. The housing conditions have been reported elsewhere
(3). Briefly, the animals were housed in metal and concrete indoor-outdoor cages and fed
commercial monkey diets occasionally supplemented with a variety of fruit and vegetables.
Water was available ad libitum. Baboons were euthanized with a commercial barbiturate
euthanasia agent or died naturally. All procedures were carried out in accordance with the
Institutional Animal Care and Use Committee guidelines.

On necropsy, tissue samples from the esophagus and the stomach were fixed in 10%
buffered formalin, embedded in paraffin and cut at 5 μm. Sections were alternatively stained
with hematoxylin-eosin (HE) and with AB (pH 2.5) without counterstain (9).

The term Barrett's mucosa in baboons was applied when the squamous-cell epithelium of the
esophagus was replaced by columnar-lined mucosa (14).

Alcian blue (pH 2.5) staining procedure
Paraffin sections were deparaffinized hydrated to distilled water and treated in 3% acetic
acid for 2 minutes. The preparations were drained off and stained in 1% AB (DAKO,
Glistrup, Denmark) (pH 2.5) for 30 min. They were subsequently washed in water,
dehydrated rapidly in alcohol, cleared and mounted.

Results
Of the 163 esophagi, 26 were rejected from the study because of post-morten autolysis.
Hence, out of 163 baboons, 137 had well-preserved esophageal mucosa for histological
evaluation. Of these, 131 (95.6%) had columnar-lined mucosa and in the remaining 6
(4.4%), the squamous epithelium merged directly into the fundic mucosa. Of these 6
baboons, five were stillborn and one was 4 days old.

The columnar-lined mucosa displayed subjacent accessory glands of antrum-pyloric
phenotype (Figure 1). Results showed that the columnar epithelium and subjacent accessory
glands were stained with AB (Figure 2), while the normal squamous cell epithelium of the
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esophagus remained unstained (Figure 3). Both the surface epithelium and accessory glands
had many ballooned cells which stained deep blue with AB (Figure 4), thus resembling
goblet cells found in the human esophagus with IM. Notwithstanding, the corresponding
H&E stained sections in baboons revealed no goblet cells.

In sections from 54 of the 131 animals, gastric fundic mucosa was also present. AB-positive
cells regular in size were found along the surface gastric epithelium and in the upper part of
foveolar pits. No ballooned, deep blue-stained cells were recorded in the fundic mucosa.
Parietal and chief cells were AB negative. The cells in the surface gastric epithelium and in
the upper part of the foveolar pits were sialomucin-positive. In the antro-pyloric mucosa, no
apparent difference in size was recorded in AB-positive cells.

Discussion
BM occurred in 95.6% of the consecutive esophagi from baboons investigated. This high
rate strongly suggests that BM is a habitual event in the distal esophagus, generated by the
normal physiological process of food digestion in these animals. This process includes
regurgitation and rumination (15) a phenomenon valid not only in baboons but also in other
primates such as chimpanzees (16) and gorillas (17). This process transforms the non-
secreting multi-layered squamous cell esophagus into sialomucin-producing BM.

It should be understood that during and between meals, baboons adopt, by nature, an oblique
position, while humans assume an upright (orthostatic) position. The oblique position in
baboons during meals might increase the reflux of the gastric contents into the esophagus
during the gastric phase of digestion. Despite the pH of the gastric acid being similar in
baboons and in humans at the time of pH testing (18, 19), the daily reflux of this acid into
the esophagus seems to be more continuous in baboons than in humans. It should be
understood that in baboons, the reflux is life-long and thus do not receive medication, as in
humans.

It is known that high fat intake relaxes the lower esophageal sphincter in humans (20, 21),
thus encouraging gastro-esophageal reflux (GER). The limiting daily dietary fat
recommended by The American Heart Association in humans is 30% (22). In baboons, the
regular daily diet is only 4% fat1. Hence, the quantity of daily fat intake does not seem to be
a factor responsible for the high frequency of BM in baboons.

Although no goblet cells were found in H&E-stained sections from BM in baboons, the
cytoplasm in many BM cells appeared ballooned and deep blue-stained (that is filled with
sialomucin). These overstuffed cells were more frequent and their size larger than in human
BM showing goblet cells (23, 24). It would appear that this extra load of sialomucin in
baboons might, together with the overall sialomucin production in columnar and other
glandular cells, contribute to contra rest repeated waves of refluxed gastric acid, particularly
following larger meals (2, 15). This notion seems to be substantiated by the fact that similar
ballooned, deep blue-stained cells were not present in the fundic or antro-pyloric gastric
mucosa in these animals.

In human BM, sialomucins are present in goblet cells and occasionally in columnar cells.
The bulk of these secretions appear, however, insufficient to buffer the acidic fluid entering
the esophagus, as clinical BM is a disease that requires long-lasting anti-acid medication
(25).

In light of these considerations, it is not totally inconceivable that GER, a condition
demonstrated in patients at all ages (26, 27), might reflect an evolutionary throwback (that is
atavism), currently occurring as a natural phenomenon in non-human primates. It should be
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understood that atavism occurs because genes for previously existing phenotypical features
are often preserved in DNA.

In conclusion, this study strongly suggests that sialomucin-producing columnar and
intramucosal glandular cells in BM in baboons might be an integrated part of the natural
phenomenon of mucosal adaptation to daily regurgitation of gastric acid into the distal
esophagus in these animals.
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Figure 1.
Low power-view of the esophagus in a baboon showing columnar-lined glandular mucosa
and squamous cell epithelium (arrow) (H&E, ×2).
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Figure 2.
Columnar-lined glandular mucosa of the esophagus in a baboon, showing sialomucin-
positive cells, both along the surface epithelium as well as in the epithelium of the glands
(Alcian blue, pH 2.5, without counterstain, ×10).
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Figure 3.
Columnar-lined glandular mucosa of the esophagus in a baboon, showing sialomucin-
positive cells, both along the surface epithelium as well as in the epithelium of the glands. In
contrast, the squamous epithelium (arrows) remained unstained (Alcian blue, pH 2.5,
without counterstain, ×4).

RUBIO et al. Page 8

Anticancer Res. Author manuscript; available in PMC 2012 October 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Columnar-lined glandular mucosa of the esophagus in a baboon, demonstrating the variation
in size of sialomucin-positive cells. Some cells show a ballooned cytoplasm, but the
corresponding H&E-stained sections revealed no classical goblet cells (Alcian blue, pH 2.5,
without counterstain, ×40).
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