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a  b  s  t  r  a  c  t

At  the gastroesophageal  junction,  most vertebrates  possess  a functional  lower  esophageal  sphincter  (LES)
which  may  serve  to  regulate  the  passage  of  liquids  and  food  into  the  stomach  and  prevent  the reflux  of
gastric contents  into  the esophagus.  Snakes  seemingly  lack  an  LES  and  consume  meals  large  enough  to
extend anteriorly  from  the stomach  into  the  esophagus  thereby  providing  the  opportunity  for  the  reflux
of gastric  juices.  To  explore  whether  snakes  experience  or can  prevent  gastric  reflux,  we  examined  post-
feeding  changes  of luminal  pH  of  the  distal  esophagus  and  stomach,  the  fine  scale  luminal  pH  profile  at
the  gastroesophageal  junction,  and  the morphology  of  the  gastroesophageal  junction  for  the  Burmese
python  (Python  molurus),  the  African  brown  house  snake  (Lamprophis  fuliginosus),  and  the  diamondback
water  snake  (Nerodia  rhombifer).  For  each  species  fasted,  there  was  no  distension  of the  gastroesophageal
junction  and  only  modest  changes  in  luminal  pH  from  the  distal  esophagus  into  the  stomach.  Feeding
resulted  in  marked  distension  and  changes  in  tissue  morphology  of  the  gastroesophageal  junction.  Simul-
taneously,  there  was  a  significant  decrease  in  luminal  pH  of the  distal  esophagus  for  pythons  and  house

snakes,  and  for all three  species  a steep  gradient  in luminal  pH decreasing  across  a  3-cm  span  from  the
distal edge  of  the  esophagus  into  the  proximal  edge  of  the  stomach.  The  moderate  acidification  of the
distalmost  portion  of  the  esophagus  for pythons  and  house  snakes  suggests  that  there  is  some  anterior
movement  of  gastric  juices  across  the  gastroesophageal  junction.  Given  that  this modest  reflux  of  gastric
fluid  is  localized  to  the  most  distal  region  of the  esophagus,  snakes  are  apparently  able  to  prevent  and
protect  against  acid  reflux  in  the  absence  of  a functional  LES.
. Introduction

The gastroesophageal junction joins the tubular esophagus,
hich functions to transport ingesta from the mouth, to the saccu-

ar stomach, where the meal undergoes chemical and mechanical
reakdown (Stevens and Hume, 2004). Generally characterizing
his junction is a constrictive lower esophageal sphincter (LES)
hat allows liquids and food to enter the stomach and prevents
he reflux of gastric contents (containing HCl and pepsin) into the
ower esophagus (Koelz, 1992; Mittal and Balaban, 1997; Stevens
nd Hume, 2004). Among mammals, the LES functions through
ne of three mechanisms: (i) tonic contraction of smooth muscle
urrounding the distal end of the esophagus; (ii) pressure from

he crural diaphragm during respiration; or, (iii) contraction of
tomach sling muscles (Ingelfinger, 1958; Boyle et al., 1985; Allen
nd Flemström, 2004). The presence of an LES typically ensures
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that there is a very steep gradient in luminal pH at the gastroe-
sophageal junction. Luminal pH for the most distal region of the
esophagus is typically 6–7 and decreases rapidly to 1.5 within the
most proximal region of the stomach (Mattioli et al., 1990; Richter
et al., 1992; Mekapati et al., 2008). Occasionally during feeding or
while sleeping the LES will relax and gastric juices will reflux into
the distal esophagus (Roush, 1990; Fletcher et al., 2001; Simonian
et al., 2005; Uriona et al., 2005). To protect against the corrosive
action of the acidic refluxed fluid, and to aid in meal transport,
the esophageal mucosa contains mucous secreting cells embed-
ded within a layer of stratified squamous epithelium (Orlando,
1991).

In contrast to the esophagus in mammals, the straight and elon-
gated esophagus of snakes joins the stomach with no apparent
LES or barrier mechanism between the two  organs (Luppa, 1977;
Helmstetter et al., 2009). Whereas for most vertebrates (with the
exception of birds that possess crops) the consumed meal is passed
in its entirety into the stomach, the large and elongated meal of

snakes will fill not only their stomach but extend into their esoph-
agus (Pope, 1961; Greene, 1997; Jackson et al., 2004). Another
seemingly unique feature among snakes is their ability to dramat-
ically regulate gastric acid secretion and gastric luminal pH. For
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http://www.sciencedirect.com/science/journal/09442006
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hose few species examined, gastric acid production is literally shut
own with the emptying of the stomach, allowing luminal pH to

ncrease to ∼7 (Secor, 2003; Cox and Secor, 2010). With feeding,
cid production is quickly resumed and luminal pH is maintained
etween 1.5 and 3 for the duration of gastric breakdown (Secor,
003; Cox and Secor, 2010). By lacking a LES, ingesting large meals
hat protrude into the esophagus, and possessing the capacity to
idely regulate acid production, snakes are intriguing subjects to

ddress questions regarding the pH gradient, morphology, and pro-
ective mechanisms at the gastroesophageal junction.

In the present study we used three species of snakes to examine
he gradient of luminal pH and cellular morphology at the gastroe-
ophageal junction. The three species differ in feeding habits and
nclude the infrequently feeding Burmese python (Python molurus)
nd the frequently feeding African brown house snake (Lamprophis
uliginosus) and diamondback water snake (Nerodia rhombifer).  In
ddition, we used Burmese pythons to explore the effects of meal
ize and the duration of gastric digestion on the gradient of luminal
H at the gastroesophageal junction. The objectives of the study
ere to (i) demonstrate the magnitude that the distal esopha-

us, gastroesophageal junction, and stomach are distended with
eeding; (ii) identify spatial variation and postprandial changes in
uminal pH of the distal esophagus and stomach and in the immedi-
te vicinity of the gastroesophageal junction; (iii) describe changes
n tissue morphology with the transition from esophagus to stom-
ch and how such tissues respond to feeding; (iv) elucidate the
echanisms that result in a seemingly protective barrier against

cidification of the distal esophagus; and (v), examine variation
n structure and function of the gastroesophageal junction among
nakes.

. Materials and methods

.1. Study animals

The Burmese python (P. molurus; Pythonidae), native to south-
ast Asia, is one of the largest snakes in the world, with lengths of
p to 6 m and a body mass that can exceed 100 kg (Pope, 1961).
he python employs a sit-and-wait tactic of prey capture and
eeds on a variety of avian and mammalian prey (Murphy and
enderson, 1997). The African brown house snake (L. fuliginosus;
olubridae) is a small to medium-sized snake (up to 1 m in length
nd 400 g) that inhabits grasslands to woodlands of sub-Saharan
frica. An active forager, the house snake feeds on a variety of
rey including mice, lizards, birds, and bats (Branch, 1998). The
iamondback water snake (N. rhombifer;  Colubridae) is a medium-
ize (up to 1.4 m in length and 1.4 kg) semiaquatic snake whose
ange includes the central region of the southern United States
nd northern Mexico (Gibbons and Dorcas, 2004). An active for-
ger in streams, ponds, lakes, and rivers, this snake’s diet consists
argely of fish (Mushinsky and Hebard, 1977; Gibbons and Dorcas,
004).

Pythons were purchased commercially (Bob Clark, Captive Bred
eptiles, Oklahoma City, OK, USA; Strictly Reptiles, Hollywood,
L, USA) as hatchlings and raised on a weekly diet of mice and
ats. African brown house snakes were provided by Dr. Neil Ford
University of Texas at Tyler, Tyler, TX, USA) and maintained on a
eekly diet of mice. Diamondback water snakes were captured by
and at a commercial catfish farm (Scotland Fisheries, Itta Bena,
S,  USA) and maintained on a weekly diet of catfish. We  housed

ythons and house snakes individually in 20-l plastic boxes at

8–32 ◦C under a photoperiod of 14L:10D. Water snakes were
oused communally in 3000-l circular fiberglass tanks at 24–28 ◦C
nder a photoperiod of 14L:10D. All snakes had access to water ad

ibitum.
gy 115 (2012) 319– 329

Prior to the experiments of the present study, snakes were fasted
for a minimum of one month to ensure they were postabsorp-
tive. We  maintained snakes at 30 ◦C in an environmental chamber
(model DS54SD; Powers Scientific, Pipersville, PA) for 3 days (fasted
snakes) and up to 8 days after feeding (fed snakes) before experi-
mentation.

All animal care and experimentation was conducted under the
approval of the University of Alabama Institutional Animal Care and
Use Committee.

2.2. Esophageal and gastric pH

We  measured distal esophageal and gastric pH in fasted and
digesting Burmese pythons (n = 40, mean ± S.E. = 801 ± 9 g), African
brown house snakes (n = 7, 112 ± 4 g), and diamondback water
snakes (n = 6, 303 ± 26 g). For postprandial measurements, snakes
were fed meals (a single rat or mouse for pythons and house snakes,
respectively, and catfish filets for water snakes) that equaled 25%
of their body mass. An additional set of Burmese pythons were fed
two rats equaling (with their combined masses) 55% or 75% of the
snake’s body mass.

Snakes were killed by severing their spinal cord immediately
behind the head at various points: when fasted (>30 days since last
meal), at 0.25–15 days post-feeding for pythons, or at 2 days post-
feeding for house snakes and water snakes. Following the sacrifice,
a mid-ventral incision was  made to expose the gastrointestinal
tract. Through a small incision in the distal esophagus we measured
luminal pH at two  positions within the distal region of the esoph-
agus (2 cm and ∼10 cm anterior to the gastroesophageal junction
for pythons and 2 cm and ∼15 cm anterior to the gastroesophageal
junction for house snakes and water snakes) and within the prox-
imal (2 cm distal to the junction) and middle (7–9 cm distal to the
junction) portions of the stomach (Fig. 1A and B). Measurements
of luminal pH were made using a flexible micro tip pH electrode
(Accumet 13-620-95; Fisher Scientific, Pittsburgh, PA, USA) con-
nected to a Fisher AB15 pH meter. Prior to each experiment, we
performed a three-point calibration (pH 1, 4, and 7) of the pH elec-
trode.

To examine the fine-scale pH gradient at the gastroesophageal
junction, we  removed the intact distal esophagus and stomach and
pinned it to a styrofoam board. The pH electrode was  inserted
through the esophagus to several centimeters within the stom-
ach and then attached to a micromanipulator (Model DC3314R;
WPI  Instruments, Sarasota, FL, USA). The pH electrode was then
advanced back through the proximal stomach and distal esopha-
gus with luminal pH recorded at 1-mm increments over a 3-cm
span including the gastroesophageal junction (Fig. 1A and B).
Gastroesophageal pH measurements were recorded for fasted
and fed (2 days post-feeding, meals equaling 25% of snake body
mass) Burmese pythons (n = 15, 638 ± 29 g), African brown house
snakes (n = 7, 112 ± 4 g), and diamondback water snakes (n = 10,
303 ± 26 g). An additional set of gastroesophageal pH measure-
ments was taken at 4, 6, or 8 days post-feeding, respectively,
from pythons that had consumed rat meals equaling 25% (n = 3,
603 ± 7 g), 55% (n = 3, 888 ± 4 g), or 75% (n = 3, 781 ± 19 g) of snake
body mass.

2.3. Gastroesophageal junction

For fasted Burmese pythons, the gastroesophageal junction is
easily defined externally by the meeting of the elongated tubular
esophagus and the larger-diameter stomach (Fig. 1A). Internally

for the python, the gastroesophageal junction is characterized by
an increase in wall thickness and the appearance of longitudinal
pleats or folds (i.e., rugae), originating at the proximal edge of
the stomach and easily visible with distension (Fig. 1B). For fasted
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Fig. 1. The exposed esophagus and stomach of fasting (A, C, E) and digesting (B, D, F) Burmese pythons (Python molurus), African brown house snakes (Lamprophis fuliginosus),
and  diamondback water snakes (Nerodia rhombifer). Images of digesting snakes were taken 2 days post-feeding (DPF) following the consumption of rat, mouse, and catfish
meals,  respectively, equal in mass to 25% of snake body mass. Sites where luminal pH was  recorded are noted on the python images with “x”. The black boxes on the python
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mages illustrate the proximal and distal limits of the fine scale measurements of lu
s  identified by a white, vertical dotted line.

ouse snakes and water snakes, the gastroesophageal junction is
imilarly identified by the greater stomach diameter, the thicker
tomach wall, and internally by the start of rugae (Fig. 1C and
).

.4. Gastroesophageal morphology

We  used light microscopy to describe the postprandial changes
n the morphology of the gastroesophageal junction for the three
pecies. A 2-cm segment of the gastroesophageal region was
emoved from fasted and fed individuals and fixed in 10% formalde-
yde in reptile Ringer’s solution. These tissues were embedded

n paraffin, longitudinally sectioned (6 �m),  and stained with
ither hematoxylin and eosin or Masson’s trichrome. Using light
icroscopy, we identified for each longitudinal section the gastroe-

ophageal junction. Using image analysis software, we  calculated
he thickness of five tissue layers of the gastroesophageal region
mucosa, muscularis mucosa, submucosa, and circular and longi-

udinal muscularis propria) by averaging 15 measurements made
ithin 1 mm of 5 mm  anterior to the junction (within the distal

sophagus) and 15 measurements within 1 mm of 5 mm distal to
he junction (within the proximal stomach).
 pH in the vicinity of the gastroesophageal junction. The gastroesophageal junction

2.5. Statistical analysis

For each species, we  used repeated measures ANOVAs to
test among positional effects of pH measurements made in the
esophagus and proximal and middle stomach, and fine-scale pH
measurements at the gastroesophageal region (±15 mm proxi-
mally and distally about the gastroesophageal junction, including
a measurement at the junction; cf. box in Fig. 1A and B). One-way
ANOVA tests were used to access temporal effects of fasting and
digesting determined by pH measurements made in the esopha-
gus 10 cm and 2 cm anterior to the gastroesophageal junction and
in the proximal and middle stomach of all snakes. We  used a one-
way ANOVA to identify the temporal effects on seven sites (1.5,
1.0, 0.5 cm anterior to the junction, the gastroesophageal junc-
tion, and 0.5, 1.0, 1.5 cm distal to the junction) of the fine-scale pH
measurements in fasting and 2 days post-feeding pythons, house
snakes, and water snakes, and between pythons at 2 and 4 days
post-feeding. Similar analyses were used to examine meal size

effects on pH of the gastroesophageal junction of pythons by com-
paring the same seven sites among pythons digesting meals 25%
(2 and 4 days post-feeding), 55% (6 days), and 75% (8 days) of
body mass. For fasting and digesting snakes, we used one-way
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NCOVAs, with body mass as a covariate, to discern postpran-
ial changes in thickness of each of the esophageal and stomach
ucosa, muscularis mucosa, submucosa, and circular and longitu-

inal muscularis propria layers. Repeated measures ANCOVAs were
sed to test for differences in tissue thickness (within treatments)
etween esophageal and gastric sites. For both fasting and 2 days
ost-feeding treatments, one-way ANOVAs were used to test for

nterspecific differences in luminal pH measured at four sites within
he esophagus and proximal and middle stomach, and luminal pH
f seven sites (1.5, 1.0, 0.5 cm anterior to the junction, the gas-
roesophageal junction, and 0.5, 1.0, 1.5 cm distal to the junction)
ithin the immediate gastroesophageal region of pythons, house

nakes, and water snakes. We  utilized one-way ANCOVA, with body
ass as a covariate, to test for interspecific differences in the thick-

ess of each of the esophageal and stomach layers among the three
pecies for fasting and 2 days post-feeding treatments. For each
NOVA and ANCOVA resulting in a significant difference, we imple-
ented when appropriate a pair-wise post hoc mean comparison

Tukey–Kramer procedure) to identify the level of statistical signifi-
ance between time points or positions. Statistical significance was
et at P ≤ 0.05 and we report mean values as means ± 1 standard
rror of the mean (SEM).

. Results

.1. Gastroesophageal distension

At 6 h (not shown) and 12 h after feeding (meals 25% of body
ass), the python’s distalmost esophagus, gastroesophageal junc-

ion, and stomach were greatly distended due to the presence of the
ntact rat (Fig. 2A). The distension allowed the gastroesophageal
unction to be easily identified by the presence of rugae, and the
osterior half of the rat meal was visible through the partially
ranslucent stretched esophageal wall. One and two days after feed-
ng, and the respective passage of 17% and 42% of the rat meal into
he small intestine, the distal esophagus, gastroesophageal junc-
ion, and stomach remained distended (Fig. 2B and C). After three
ays of digestion, 30% of the remaining rat meal was  still protruding
nteriorly into the esophagus (not shown). By day 4, with 88% of
he meal passed into the small intestine, the esophagus had begun
o return to its tubular shape (Fig. 2D). Stomachs were empty by
ay 6, at which time and thereafter (day 15), the gastroesophageal

unction had returned to its fasting appearance (Fig. 2E and F).
For meals 55% and 75% of body mass, the python’s gas-

roesophageal junction was still distended after 6 and 8 days,
espectively (Fig. 2G and H). In both cases, the posterior portion
including hindlimbs and tail) of the second rat still extended ante-
iorly into the esophagus. For house snakes and water snakes two
ays after feeding, portions of the meal still extended anteriorly

nto the distal esophagus, thereby distending the gastroesophageal
unction (Fig. 1D and F).

.2. Esophageal and gastric pH

For Burmese pythons, luminal pH within each of the four
ecorded regions adjacent to the gastroesophageal junction var-
ed significantly (P’s < 0.024) with time post-feeding (Fig. 3A and B).

ithin 12 h after feeding, luminal pH within the esophagus approx.
 cm anterior to the gastroesophageal junction had significantly
P = 0.046) decreased and remained significantly less (P’s < 0.003)
han fasting values until day 4 of digestion, at which time it

eturned to and remained thereafter, at values not significantly dif-
erent from fasted levels (Fig. 3A). At approx. 10 cm anterior to the
astroesophageal junction, luminal pH experienced a modest post-
randial change, decreasing from 7.31 ± 0.17 to 6.58 ± 0.02 by day
gy 115 (2012) 319– 329

2 (P = 0.013), returning to fasting values by day 4, and remaining
unchanged thereafter (Fig. 3A). Luminal pH at both sites within the
stomach varied significantly (P’s < 0.0002) with fasting and digest-
ing (Fig. 3B). At approx. 2 cm posterior to the gastroesophageal
junction, luminal pH decreased from 6.58 ± 0.40 to 1.85 ± 0.46
within 6 h after feeding (Fig. 3B). Thereafter, luminal pH of the
proximal stomach remained significantly lower than fasting val-
ues before returning to, and not differing from, fasting levels at
10 and 15 days post-feeding (P’s < 0.04). Within 6 h after feeding,
luminal pH of the middle stomach had decreased from 6.36 ± 0.18
to 2.68 ± 0.06, and further declined to 1.34 ± 0.07 by day 6, return-
ing to fasting levels by 10 days post-feeding (Fig. 3B). Luminal pH
varied significantly (P’s < 0.03) among the four positions from 0.25
to 6 days post-feeding. However, there was no positional variation
for fasted pythons and pythons at 10 and 15 days post-feeding.

For fasting house snakes, luminal pH did not significantly vary
among esophageal and gastric sites (Fig. 4A). At 2 days post-feeding,
luminal pH did vary (P < 0.007) due to the decreases (P’s < 0.007) in
pH experienced by the distal end of the esophagus and proximal
and middle stomach (Fig. 4A). Luminal pH of the esophageal and
gastric sites for fasted water snakes varied significantly (P = 0.006),
ranging from 6.13 ± 0.53 within the stomach to 7.76 ± 0.03 within
the esophagus (Fig. 4B). After two  days of digesting, luminal pH
continued to vary among sites and at each site had decreased signif-
icantly (P’s < 0.003) ranging from 3.12 ± 0.51 in the middle stomach
to 6.82 ± 0.85 in the middle esophagus (Fig. 4B).

3.3. pH gradient at the gastroesophageal junction

For fasted pythons, house snakes, and water snakes, luminal pH
measured at 1-mm intervals between 1.5 cm anterior and 1.5 cm
distal to the gastroesophageal junction, averaged 7.40 ± 0.03,
7.26 ± 0.03, and 6.69 ± 0.07, respectively (Figs. 5A, 6A, and 7A). For
fasted pythons and water snakes, these pH measurements varied
significantly (P’s < 0.0001) spatially, decreasing by 0.73 and 0.82
pH units, respectively, from the anteriormost to the distalmost
position (Figs. 5A and 7A). At two days post-feeding, luminal pH
recorded at 1.5 cm anterior to the gastroesophageal junction had
significantly (P’s < 0.007) decreased by an average of 1.15 and 2.12
pH units for the Burmese python and the house snake, respectively
(Figs. 5B and 6B). The average 0.31 decline in pH units exhibited by
water snakes at this site with feeding was  not significant (Fig. 7B).

The postprandial production of gastric HCl generated steep
gradients in luminal pH in the vicinity of the gastroesophageal
junction. For pythons 2 days into digestion, luminal pH dropped
rapidly from a point 8 mm anterior to the gastroesophageal junc-
tion (5.93 ± 0.26) to a point 5 mm into the stomach (3.38 ± 0.44)
(Fig. 5B). For the next 10 mm  within the stomach, luminal pH held
steady (Fig. 5B). By day 4 of digestion for the python, luminal pH
declined fairly consistently from the distal esophagus across the
gastroesophageal junction into the stomach (Fig. 5C). From the
gastroesophageal junction (pH 4.44 ± 0.03), luminal pH had sig-
nificantly decreased (to 3.58 ± 0.25) within only 5 mm into the
stomach (Fig. 5C). 6 and 8 days into digesting 55% and 75% size
meals, respectively, pythons likewise exhibited steep declines in
luminal pH across the gastroesophageal junction (Fig. 5D and E).
Across this 3-cm span, from anterior to distal, luminal pH had
dropped from 6.10 ± 0.73 to 2.83 ± 0.42 for the 55% meals and from
6.05 ± 0.10 to 2.13 ± 0.12 for the 75% meals (Fig. 5D and E).

For the house snake 2 days into digestion, luminal pH steadily
decreased from 5.31 ± 0.28 recorded 1.5 cm anterior to the junc-
tion, to 4.13 ± 0.13 at the junction, to 3.05 ± 0.25 1.5 cm distal to

the junction (Fig. 6B). For digesting water snakes, luminal pH like-
wise declined from 6.93 ± 0.15 1.5 cm anterior to the junction, to
4.79 ± 0.05 at the junction, to 3.20 ± 0.18 1.5 cm distal to the junc-
tion (Fig. 7B).
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Fig. 2. The exposed esophagus and stomach of Burmese pythons (Python molurus) digesting rat meals equal in mass to 25% of snake body mass at (A) 0.5, (B) 1, (C) 2, (D) 4,
(E)  6, and (F) 15 days post-feeding (DPF); and rat meals equal in mass to (G) 55% and (H) 75% of snake body mass at 6 and 8 DPF, respectively. The gastroesophageal junction
i geal j
s
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s  identified by a white, vertical dotted line. Note the distension of the gastroesopha
ize  meals.

.4. Postprandial changes in luminal pH at the gastroesophageal
unction

Luminal pH at seven sites of the fine-scale pH measurements
ecreased significantly (P’s < 0.007) with feeding for the Burmese

ython (Fig. 5B–E). For example, at 2 days post-feeding, luminal pH
t three locations: 1.5 cm anterior to the junction, at the gastroe-
ophageal junction, and 1.5 cm distal to the junction, had decreased
y 1.24, 3.36, and 4.05 pH units, respectively. However, luminal pH
unction from 0.5 to 2 DPF of 25% meals and for snakes that consumed 55% and 75%

of the seven sites did not significantly differ between 2 and 4 days of
digestion. For the 55% and 75% meal trials, luminal pH at the seven
sites did not differ significantly from those measured for the 25%
size meals at 2 and 4 days post-feeding, with the lone exception of
a significantly (P = 0.014) lower pH at 1 cm anterior to the gastroe-

sophageal junction for the 55% meal compared to the 25% meal at
2 days post-feeding (Fig. 5B–E).

For the African brown house snake, luminal pH at all seven sites
decreased significantly (P’s < 0.004) with feeding (Fig. 6A and B).
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Fig. 3. Luminal pH (A) of the esophagus 10 cm and 2 cm anterior to the gastroe-
sophageal junction and (B) of the proximal and middle stomach of Burmese pythons
(Python molurus) at 0–15 days post-feeding. Note the slight decrease in pH of the
distal esophagus and the marked decrease in pH in the proximal stomach upon the
onset of digestion.

Fig. 4. Luminal pH of the middle and distal esophagus and proximal and middle
stomach of fasting and digesting (A) Lamprophis fuliginosus and (B) Nerodia rhombifer
digesting mouse and catfish filet meals equaling 25% of snake body mass, respec-
tively. Significant postprandial decreases in luminal pH (designated by *) occurred
for  the distal esophagus and the proximal and middle stomach for L. fuliginosus,  and
for all four sites for N. rhombifer.

Fig. 5. (A–E) Fine-scale luminal pH 1.5 cm anterior to and distal to the gastro-
esophageal junction (GEJ) of fasting and digesting Burmese pythons (Python
molurus)  following 2, 4, 6, and 8 days post-feeding (DPF) (2 and 4 days = single rat
meal equaling 25% of snake body mass, 6 and 8 days = two-rat meal equaling 55%
and  75% of snake body mass, respectively). Note the strong positional gradient in
pH  within 1.5 cm anterior and distal to the gastroesophageal junction. The dotted
horizontal lines indicate sets of luminal pH that are significantly different from each
other.
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Fig. 6. Fine-scale luminal pH measured at 1.5 cm anterior to 1.5 cm distal to the
gastroesophageal junction (GEJ) of (A) fasting and (B) digesting African brown house
snakes (Lamprophis fuliginosus) that had consumed a rodent meal equaling 25% of
snake body mass two days prior. Note the linear profile of decreasing luminal pH
for  digesting house snakes. The dotted horizontal lines indicate sets of luminal pH
that are significantly different from each other.

Fig. 7. Fine-scale luminal pH measured at 1.5 cm anterior to 1.5 cm distal to the
gastroesophageal junction (GEJ) of (A) fasting and (B) digesting diamondback water
snakes (Nerodia rhombifer)  that had consumed a catfish filet meal equaling 25% of
snake body mass two days prior. Note the linear decline in luminal pH distally for
digesting water snakes. The dotted horizontal lines indicate sets of luminal pH that
are  significantly different from each other.

Fig. 8. Histological images of the gastroesophageal junction of (A) Burmese python
(Python molurus) (Masson’s trichrome, 10×), (B) African brown house snake
(Lamprophis fuliginosus) (H&E, 10×), and (C) diamondback water snake (Nerodia
rhombifer)  (Masson’s trichrome, 10×). Note that connective tissue is stained blue in

Masson’s trichrome plates. Abbreviations: bv, blood vessel; em, esophageal mucosa;
gej, gastroesophageal junction; gm, gastric mucosa; lp, lamina propria; mc,  mucous
cell; mm,  muscularis mucosa; mp,  muscularis propria; sm,  submucosa.

Similarly for the diamondback water snake, luminal pH at these
sites, with the exclusion of the anteriormost site, had significantly
(P’s < 0.004) decreased after two  days of digestion (Fig. 7A and B).

3.5. Gastroesophageal tissue morphology

The gastroesophageal junction of pythons, house snakes, and
water snakes is defined histologically by the abrupt transition
from thin-layered esophageal mucosa to thicker gastric mucosa
(Fig. 8A–C). Although the transition is abrupt, the average dis-
tance between a clearly identifiable esophagus to gastric tissue

was 1300 ± 77 �m,  884 ± 69 �m,  and 641 ± 75 �m,  for pythons,
house snakes and water snakes, respectively. For pythons and
house snakes but not water snakes, spherical mucous cells in the
esophagus lamina propria were present at the transition from
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sophageal to gastric tissue (Fig. 8A and B). The remaining mus-
ularis mucosa, submucosa, and muscularis propria provide little
ssistance in identification of the gastroesophageal junction, as
heir morphology was not altered in the transition. At this junction
or the three snakes, we observed a continuous layer of stratified
olumnar epithelium that spanned the entirety of the esophageal
nd gastric mucosa (Fig. 8A–C). Esophageal mucosa is comprised of
ucus-producing cells interspersed within the columnar epithe-

ium, while the gastric luminal surface consists of a layer of mucous
ells, beneath which are gastric pits that contain oxyntopeptic
ells that produce HCl and the inactive peptidase, pepsinogen
Fig. 8A–C). Underlying the esophageal and gastric mucosa is the
amina propria, a continuous layer of connective tissue that articu-
ates the mucosa with the continuous muscularis mucosa (Fig. 8A).
dvancing outwardly is the submucosa, a layer of connective tis-
ue containing enteric nerve plexi and blood vessels. Adjacent to
he submucosa and continuous along the junction is the thicker

uscularis propria, which includes an inner circular and outer lon-
itudinal layer (Fig. 8A). Encasing these gastrointestinal tissues is
he outermost serosa, a thin layer of connective tissue.

For fasted and fed (2 days post-feeding) pythons, thickness of the

ucosa and the circular layer of the muscularis propria increased

P’s < 0.003) across a 1-cm transition from esophagus to stomach
Table 1). Across that same segment, the other three layers did

able 1
hickness (�m) of the mucosa, muscularis mucosa, submucosa, circular and longitudina
astroesophageal junction in fasting and digesting (2 and 4 days post-feeding [DPF]) Burm
nd  diamondback water snakes (Nerodia rhombifer). Sample sizes are 2–3 per fasted and fed
ropria  of the stomach for fed N. rhombifer. For P. molurus and significant treatment effec
eans  as determined from pair-wise mean comparisons.

Fasted 2 DP

Esophagus Python molurus
Body mass (g) 578 ± 3 698
Mucosa 53.3 ± 7.2 44.3
Muscularis mucosa 62.6 ± 4.5b 26.4
Submucosa 118 ± 32 73.2
Muscularis propria (circular) 437 ± 20c 84.8
Muscularis propria (longitudinal) 408 ± 76b 36.1

Stomach
Mucosa 421 ± 11 442
Muscularis mucosa 81.5 ± 17.4b 34.8
Submucosa 128 ± 33 73.9
Muscularis propria (circular) 1101 ± 98b 312
Muscularis propria (longitudinal) 309 ± 101b 52.0

Esophagus Lamprophis fuliginosus
Body mass (g) 123 ± 4 104
Mucosa 30.1 ± 1.4 35.1
Muscularis mucosa 35.3 ± 19.5 25.4
Submucosa 89.4 ± 27.6 63.7
Muscularis propria (circular) 201 ± 13 178
Muscularis propria (longitudinal) 70.8 ± 23.8 56.1

Stomach
Mucosa 379 ± 84 364
Muscularis mucosa 29.8 ± 10.8 26.8
Submucosa 52.8 ± 1.6 72.3
Muscularis propria (circular) 271 ± 95 285
Muscularis propria (longitudinal) 80.6 ± 0.1 134

Esophagus Nerodia rhombifer
Body mass (g) 261 ± 22 364
Mucosa 49.0 ± 7.4 44.0
Muscularis mucosa 28.4 ± 8.3 25.0
Submucosa 186 ± 2 168
Muscularis propria (circular) 383 ± 25 279
Muscularis propria (longitudinal) 71.6 ± 25.1 87.0

Stomach
Mucosa 338 ± 65 427
Muscularis mucosa 26.7 ± 12.5 41.9
Submucosa 95 ± 9 137
Muscularis propria (circular) 358 ± 1 421
Muscularis propria (longitudinal) 55.4 ± 10.4 106
gy 115 (2012) 319– 329

not significantly vary in thickness (Table 1). The mucosa of fasted
and fed house snakes increased (P < 0.05) in thickness by as much
as 12.6-fold in the 1-cm transition from esophagus to stomach
(Table 1). Other tissues did not significantly differ in thickness from
one side of the gastroesophageal junction to the other for fasted
and fed house snakes (Table 1). Fasted and fed water snakes exhib-
ited 6.9 and 9.7-fold increases (P < 0.05), respectively, in mucosa
thickness from the esophagus side to the stomach side of the gas-
troesophageal junction (Table 1). For fasted and fed water snakes,
the submucosa decreased (P’s < 0.01) in thickness (by 40%) in the
transition from esophagus to stomach (Table 1).

For pythons, feeding had no significant impact on the thick-
ness of the mucosa and submucosa layers at 5 mm anterior and
5 mm distal to the gastroesophageal junction (Table 1). Two  days
after feeding, the distension of the gut wall resulted in a significant
reduction (by 65–86%) in thickness of the muscularis mucosa and
both layers of the muscularis propria at both sites (Table 1). With
feeding, house snakes experienced a significant thickening of the
mucosa and submucosa at 5 mm anterior to and 5 mm distal to the
gastroesophageal junction, respectively (Table 1). Other tissues at
these two  sites did not significantly change in thickness with feed-

ing (Table 1). We  observed no significant post-feeding change in
the thickness of any of the tissues just anterior and distal to the
gastroesophageal junction for water snakes (Table 1).

l muscularis propria 5 mm anterior (esophagus) and 5 mm distal (stomach) to the
ese pythons (Python molurus), African brown house snakes (Lamprophis fuliginosus)

 treatments, with the exception of a single measurement of longitudinal muscularis
ts, shared superscript letters denote non-significant (P > 0.05) differences between

F 4 DPF F P

 ± 41 595 ± 12
 ± 4.1 54.4 ± 5.1 2.93 0.129
 ± 2.7a 48.3 ± 3.7b 26.6 0.0010
 ± 13.2 106 ± 8 2.35 0.176
 ± 22.8a 198 ± 21b 99.0 0.0001
 ± 9.4a 86.7 ± 28.5a 19.4 0.0024

 ± 13 396 ± 2 3.41 0.098
 ± 1.5a 53.3 ± 9.8a,b 5.46 0.045
 ± 8.3 95.5 ± 20.0 2.05 0.210

 ± 25a 789 ± 117b 26.2 0.0011
 ± 9.5a 95.4 ± 12.1a,b 5.80 0.040

 ± 1
 ± 1.6 51.4 0.019
 ± 4.7 0.08 0.809
 ± 8.1 0.21 0.689

 ± 25 0.06 0.835
 ± 1.1 0.03 0.877

 ± 30 0.04 0.375
 ± 11.3 0.01 0.381
 ± 4.4 30.6 0.031

 ± 97 0.23 0.680
 ± 85 0.59 0.523

 ± 36
 ± 4.4 5.77 0.095
 ± 3.5 2.05 0.248

 ± 35 1.42 0.320
 ± 38 5.22 0.106

 ± 12.5 0.08 0.799

 ± 66 0.16 0.726
 ± 4.8 0.03 0.878

 ± 30 0.45 0.571
 ± 23 1.09 0.405

 – –
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.6. Interspecific variation in luminal pH and tissue morphology

For fasted snakes, luminal pH varied (P = 0.02) interspecifically
or the middle region of the stomach as the pH recorded for house
nakes (7.26 ± 0.31) was  significantly (P’s < 0.03) greater than that
or either pythons (6.36 ± 0.18) or water snakes (6.13 ± 0.53). After
wo days of digestion, luminal pH varied significantly (P = 0.01)
nce again for the middle gastric region as pythons possessed
ower luminal pH (1.53 ± 0.15) compared to that of house snakes
2.55 ± 0.20) and water snakes (3.73 ± 0.66).

At each of the seven sites of the gastroesophageal region (0.5,
, and 1.5 cm anterior to the junction, the gastroesophageal junc-
ion, and 0.5, 1, and 1.5 cm distal to the junction), we  observed no
ignificant variation in luminal pH among fasted pythons, house
nakes, and water snakes (Figs. 5A, 6A, and 7A). Following two
ays of digestion, luminal pH at the sites 1 and 1.5 cm anterior
o the gastroesophageal junction experienced significant variation
P’s < 0.005) among the three species, due to the lower (P’s < 0.02)
uminal pH (5.30 ± 0.12 and 5.06 ± 0.09, respectively, at those sites)
xperienced by house snakes (Figs. 5B, 6B, and 7B).

There were notable differences in tissue thickness among the
hree species either fasted or fed (Table 1). For example, the thick-
ess of the circular and longitudinal layers of the muscularis propria
iffered as much as 5.8-fold between species. However, when
ccounting for differences in body size (body mass as a covari-
te), analyses revealed no significant interspecific differences in the
hickness of each tissue for either fasted or fed snakes

. Discussion

Because snakes will consume prey that exceeds the width and
ength of their stomach, feeding can result in a dramatic dis-
ension of their stomach and distal portion of their esophagus.
y lacking a lower esophageal sphincter, snakes digesting large
eals would conceivably experience the seeping of gastric acid

nd enzymes into the distal esophagus. In spite of this opportu-
ity for gastric reflux, snakes are able to maintain a steep gradient

n luminal pH at the gastroesophageal junction during digestion.
ue to mechanical and/or chemical processes, luminal pH on either

ide of the gastroesophageal junction spans 4 pH units over a dis-
ance of only several centimeters for digesting snakes. With regard
o the gastroesophageal junction of snakes, we will discuss the
ross and microscopic aspects of the surrounding tissues, the gra-
ient of luminal pH between the distal esophagus and proximal
tomach, and the mechanisms by which this gradient is main-
ained.

.1. Gross morphology of the gastroesophageal junction

For fasted pythons, the gastroesophageal junction is easily dis-
inguishable as the joining of the tubular, narrow esophagus to the
ider, thicker-walled stomach. In contrast, the gastroesophageal

unction for fasted house snakes and water snakes is less identifi-
ble because their esophagus widens before joining the stomach
Fig. 1C and E). For all three species, a change in tissue thickness
nd color also provides a landmark for this junction when viewed
xternally. Snake prey items are commonly longer than the length
f the stomach. For example, the body lengths (excluding the tail)
f rats fed to the pythons in this study averaged ∼24 cm,  whereas
he length of the stomach of these snakes averaged ∼10 cm.  Thus,
pon consumption, the majority of the python’s meal (as well as

or house snakes and diamondback water snakes) resides within
he esophagus, rather than within the stomach. Extreme cases of
he prey extending into the esophagus occur for snakes that con-
ume other snakes. For California kingsnakes (Lampropeltis getula)
gy 115 (2012) 319– 329 327

that had consumed similar-sized corn snakes (Elaphe guttata), X-
ray analysis revealed that 75–80% of the corn snake was within
each kingsnake’s esophagus and occupied the esophagus for at
least four days (Jackson et al., 2004). We  are unaware of any
other group of vertebrates that routinely consume such large meals
such that part of the meal also occupies the esophagus. One par-
tial exception are the species of birds that store food (e.g., seeds,
insects, and grain) within their crop (ingluvies), an expandable
pouch extending from the esophagus within the thorax (Buyse
et al., 1993).

Snakes often consume prey that is larger in diameter than their
esophagus and stomach, thereby resulting in a gross distension of
the distal esophagus, stomach, and surrounding body wall (Greene,
1997). Given that prey vary in shape and size, the extent of dis-
tension depends largely on prey diameter. The diameters of rats
fed to pythons in the present study were 4.1 and 2.3 times greater
than the diameters of the pythons’ distal esophagus and stomach,
respectively. The water snakes of the present study experienced
less relative distension because they were fed long strips of catfish
filet. The kingsnakes in the Jackson et al. (2004) study likewise expe-
rienced modest stretching of their esophagus and stomach with the
ingestion of the narrow and elongated corn snakes.

4.2. Microscopic morphology of the gastroesophageal junction

The gastroesophageal junction of the three studied snake
species characteristically shows an abrupt change from a single
layer of columnar epithelial cells of the distal esophagus to a thicker
mucosa of the stomach, composed of mucous and oxyntopeptic
cells that line the upper region and lower portions of the gastric pits,
respectively. The tissues of the esophagus and stomach that were
most impacted by prey distension were the smooth muscle lay-
ers (muscularis mucosa and muscularis propria) that experienced a
severe reduction in thickness for pythons. In contrast, the epithelial
layer was  generally not affected by stretching, and for the stom-
ach this layer is folded and the distension flattens out these folds.
Helmstetter et al. (2009) likewise observed a distinct flattening of
the python’s gastric rugae with feeding.

For snakes, a columnar epithelial layer characterizes the
esophageal mucosa (Ferri and Medeiros, 1975; Luppa, 1977;
Dehlawi and Zaher, 1989). We  also observed for the three species
a scattering of goblet cells within the distal esophageal epithe-
lium. Similarly, goblet cells have been documented in the distal
esophagus of other snake species and have been postulated to aid
in the lubrication of the meal, via mucous secretion, during swal-
lowing (Luppa, 1977). We  also found the distal esophageal mucosa
of pythons and house snakes to possess large concentrations of
circular-shaped mucus cells that extend into the lamina propria
(Fig. 8A and B). The secretions of these cells may serve to further
lubricate the meal and to neutralize any gastric chyme that has
refluxed into the esophagus, as noted for mammals (Orlando, 1999;
Chandrasoma et al., 2000).

The transition from esophagus to stomach is abrupt in pythons,
house snakes and water snakes and is readily identified histologi-
cally by the switch from a single layer of mucosa (esophagus) to the
appearance of gastric pits (stomach) which become deeper distally.
The gastric mucosa of snakes consists of an outer columnar epithe-
lial layer that is dotted with openings to underlying gastric pits
(Helmstetter et al., 2009). The gastric pits or crypts contain surface
neck cells that produce mucus, whereas the deeper oxyntopeptic
cells actively pump H+ and shuttle Cl− across the apical membrane
into the gastric lumen to produce HCl. Pythons of the present study

experienced no significant increase or decrease in the thickness
of the gastric mucosa from fasting to digesting. A previous study
did find the gastric mucosa of the Burmese python to decrease in
thickness with feeding (Helmstetter et al., 2009).
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.3. Luminal pH near the gastroesophageal junction

Whereas an elevated luminal pH is expected for the esopha-
us, the high luminal pH ranging from 6.1 to 7.3 recorded from
he stomachs of these snakes when fasting is seemingly unique
Figs. 3B, 4A and B). Snakes apparently deviate from many other ter-
estrial vertebrates in shutting down gastric HCl production after
ompleting digestion (Skoczylas, 1970; Secor, 2003; Cox and Secor,
010). We  have also recorded similarly high gastric pH values from
asting individuals of other python species (e.g., Antaresia maculosa
nd Morelia spilota),  boa species (e.g., Boa constrictor,  Gongylophis
olubrinus, Eunectes murinus), the xenopeltid Xenopeltis unicolor,
nd the colubrid Homalopsis buccata (S. Bessler and S. Secor, unpub-
ished observations). In contrast, gastric pH of fasting chondric-
hyes, anurans (although see Tyler et al., 1983; Taylor et al., 1985),
izards, crocodilians, birds, and mammals typically ranges from
.5 to 3.5 (Ford, 1974; Youngberg et al., 1985; Evans et al., 1988;
authier-Clerc et al., 2002; Uriona et al., 2005; Papastamatiou and
owe, 2004, 2007; Secor, unpublished observations), demonstrat-
ng that these taxa maintain gastric HCl production between meals.
n addition to snakes, elevated gastric pH has been observed in fast-
ng turtles and bony fishes (McKay, 1929; Fox and Musacchia, 1950;

ontgomery and Pollak, 1988). Snakes, turtles, and bony fishes
ust therefore possess the capacity to depress H+ release by their

xyntopeptic cells by either downregulating H+/K+ pump activities
r by suppressing the catalytic enzyme carbonic anhydrase, an inte-
ral component in H+ production. It is hypothesized for snakes that
he shutting down of HCl production between meals is an energy-
aving adaptation that serves to lower their basal metabolism,
llowing them to survive longer periods between meals on endoge-
ous energy stores (Secor, 2003).

Feeding triggers the rapid production of gastric HCl in snakes.
ithin 6 h after feeding, the luminal pH of the python’s stomach

ecreased from 6.6 to 1.8 (Fig. 3B). Although we  did not measure
astric pH 6 h after feeding for house snakes and water snakes, we
uspect that they experience a similar rapid upregulation in HCl
roduction and subsequent decrease in gastric pH. Within 12 h after

ngestion, diamondback water snakes have been noted to reduce
astric pH to 1.8 (Cox and Secor, 2010). Snakes maintain a very
cidic environment within their stomach (pH 1.5–2.5), even in the
ace of the large buffering capacity of their meals, throughout the
uration of gastric breakdown (Secor, 2003; Cox and Secor, 2010).
ollowing the exiting of all prey remnants from the stomach, gas-
ric HCl production is rapidly downregulated and luminal pH rises
apidly (Secor, 2003; Secor et al., 2012).

Because of the lack of gastric acid production between feeding
pisodes, fasting snakes exhibit modest differences in pH between
he distal esophagus and stomach. This situation changes rapidly
ith feeding, as acidic juices surround and begin to permeate

he meal. In addition to the rapid drop in gastric pH relative to
sophageal levels, the distal end of the esophagus also experiences

 decrease in pH as the acidic fluid diffuses around the meal and
oves anteriorly. A luminal pH of 2.5–4 for the distal esophagus

as been observed for fasted and digesting humans, dogs, and alli-
ators (Fletcher et al., 2001; Kim et al., 2003; Simonian et al., 2005;
riona et al., 2005). For snakes, luminal pH increases significantly
ithin 1 cm anterior to the gastroesophageal junction, and contin-
es to increase anteriorly, reaching a pH of 6.5–7.5 within 10 cm
ranially to the junction. Despite lacking a functional LES, snakes
ffectively prevent the reflux of gastric juices and/or neutralize any
f those juices that do reflux into the esophagus.
.4. Protective mechanisms of the distal esophagus

Prolonged relaxation of the lower esophageal sphincter in
umans and the ensuing exposure of the distal esophagus to
gy 115 (2012) 319– 329

refluxed gastric HCl and pepsin lead to reflux esophagitis, a condi-
tion where mucosal squamous epithelium of the distal esophagus
becomes necrotic, creating painful ulcers (Spechler, 2002). With
extended exposure to refluxed gastric juices, reflux esophagi-
tis can escalate to Barrett’s esophagus, a precancerous condition
where squamous epithelium of the distal esophagus undergoes
metaplasia (the replacement of one cell type by another mature
differentiated cell type) to columnar epithelium, consisting largely
of mucus-secreting goblet cells (Barrett, 1957; Cameron et al., 1985;
Spechler, 2002).

The diffusion of gastric juices into the distal esophagus of snakes
would likewise lead to tissue erosion and potential alteration of
tissue structure. Without a distinct LES, snakes must employ other
protective mechanisms to either prevent gastric reflux and/or to
rapidly neutralize refluxed gastric juices. We  suggest four such
mechanisms that are utilized in lieu of an LES. First, the sheer size
of the prey item within the esophagus and stomach, up to four
days post-feeding in our study, would serve as a physical barrier
and prevent gastric juices from passing cranially into the distal
esophagus (Fig. 2A–C). This physical barrier hypothesis is supported
by our measurements of pH at 0.25–4 days post-feeding within
the gastroesophageal region, where within a 4-cm range pH drops
from ∼6 to ∼2 from the distal esophagus to the proximal stom-
ach, respectively (Fig. 3A and B). Second, the meal itself acts as a
buffering agent, neutralizing the secreted HCl. Any gastric juices
that migrate anteriorly into the esophagus would be similarly neu-
tralized to some extent by contact with the meal. Third, the prey is
slowly moved caudally as its anterior end is broken down within
the stomach and passed into the small intestine. This directional
motion may  reduce the opportunity for gastric fluid to move ante-
riorly into the distal esophagus. And fourth, as described for the
human esophagus, the mucus secreted from goblet and mucous
cells into the esophagus acts to buffer the refluxed fluid and hence
protects the epithelium (Orlando, 1991).

5. Conclusion

Snakes can experience dramatic distension of their gastroe-
sophageal region immediately after feeding. This results in visible
changes in tissue histology at the junction, notably the decrease in
thickness of the muscularis mucosa and muscularis propria. From
a relatively neutral start, feeding stimulates gastric HCl production
which rapidly lowers stomach pH. Whereas some gastric juices do
seep into the distal end of the snake’s esophagus, a strong gradi-
ent in luminal pH is established at the gastroesophageal junction.
Despite the absence of a distinct lower esophageal sphincter, snakes
maintain an effective protective barrier to the reflux of gastric juices
into the distal esophagus.

Acknowledgments

We  would first like to thank S. Boback, B. Ott, C. Cox, M.  Smith,
and D. Hall for their technical assistance in the laboratory. Sec-
ondly, we would like to extend our sincerest gratitude to J.T.
Duke, Z. Dureau, J. Frederick, P. Giambrone, E. Love, M.  Cobia, M.
MacWilliam, H. Reeves Pierce, M.  Scheib, and B. Snow who assisted
us with animal care and experimentation. This work was  supported
by the National Science Foundation (IOS-0466139 to SMS) and the
University of Alabama.

References
Allen, A., Flemström, G., 2004. Gastroduodenal mucus bicarbonate barrier: protec-
tion against acid and pepsin. Am. J. Physiol. 288, C1–C19.

Barrett, N.R., 1957. The lower esophagus lined with columnar epithelium. Surgery
41, 881–894.



 Zoolo

B

B

B

C

C

C

D

E

F

F

F

F

G

G

G

H

I
J

K

K
L

M

M

esophagus of the American alligator (Alligator mississippiensis). J. Exp. Biol. 208,
S.M. Bessler, S.M. Secor /

oyle, J.T., Altschuler, S.M., Nixon, T.E., Tuchman, D.N., Pack, A.I., Cohen, S., 1985.
Role  of the diaphragm in the genesis of lower esophageal sphincter pressure in
the  cat. Gastroenterology 88, 723–730.

ranch, B., 1998. Field Guide to Snakes and Other Reptiles of Southern Africa. Ralph
Curtis Books, Sanibel Island, FL, USA.

uyse, J., Adelsohn, D.S., Decuypere, E., Scanes, C.G., 1993. Diurnal–nocturnal
changes in food intake, gut storage of ingesta, food transit time and metabolism
in  growing broiler chickens: a model for temporal control of energy balance. Br.
Poult. Sci. 34, 699–709.

ameron, A.J., Ott, B.J., Payne, W.S., 1985. The incidence of adenocarcinoma in
columnar-lined (Barrett’s) esophagus. N. Engl. J. Med. 313, 875–879.

handrasoma, P.T., Der, R., Ma,  Y., Dalton, P., Taira, M.,  2000. Histology of the gas-
troesophageal junction: an autopsy study. Am.  J. Surg. Pathol. 24, 402–409.

ox, C.L., Secor, S.M., 2010. Integrated postprandial response of the diamondback
water snake, Nerodia rhombifer. Physiol. Biochem. Zool. 83, 618–631.

ehlawi, G.Y., Zaher, M.M.,  1989. Histological studies on the alimentary tract of the
colubrid snake Coluber florulentus. J.K.A.U. Sci. 1, 95–112.

vans, D.F., Pye, G., Bramley, R., Clark, A.G., Dyson, T.J., Hardcastle, J.D., 1988. Mea-
surement of gastrointestinal pH profiles in normal ambulant human subjects.
Gut  29, 1035–1041.

erri, S., Medeiros, L.O., 1975. Morphological study of the esophagus of Xenodon
merremii Wagler, 1924 (Ophidia). J. Herp. 9, 299–302.

letcher, J., Wirz, A., Young, J., Vallance, R., McColl, K.E.L., 2001. Unbuffered highly
acidic gastric juice exists at the gastroesophageal junction after a meal. Gas-
troenterology 121, 775–783.

ord, D., 1974. The effect of the microflora on gastrointestinal pH in the chick. Br.
Poult. Sci. 131, 131–140.

ox, A.M., Musacchia, X.J., 1950. Notes on the pH of the digestive tract of Chrysemys
picta. Copeia 1950, 337–339.

authier-Clerc, M.,  Maho, Y.L., Clerquin, Y., Bost, C.-A., Handrich, Y., 2002. Seabird
reproduction in an unpredictable environment: how king penguins provide their
young chicks with food. Mar. Ecol.-Prog. Ser. 237, 291–300.

ibbons, J.W., Dorcas, M.E., 2004. North American Water Snakes: A Natural History.
University of Oklahoma Press, Norman.

reene, H.W., 1997. Snakes: The Evolution of Mystery in Nature. University of Cali-
fornia Press, Berkeley, CA, USA.

elmstetter, C., Pope, R.K., T’Flachebba, M.,  Secor, S.M., Lignot, J.-H., 2009. The effects
of  feeding on the morphology and proliferation of the gastrointestinal tract of
juvenile Burmese pythons (Python molurus). Can. J. Zool. 87, 1255–1267.

ngelfinger, F.J., 1958. Esophageal motility. Physiol. Rev. 38, 533–584.
ackson, K., Kley, N.J., Brainerd, E.L., 2004. How snakes eat snakes: the biomechan-

ical challenges of ophiophagy for the California kingsnake, Lampropeltis getula
californiae (Serpentes: Colubridae). Zoology 107, 191–200.

im, M.S., Holloway, R.H., Dent, J., Utley, D.S., 2003. Radiofrequency energy delivery
to the gastric cardia inhibits triggering of transient lower esophageal sphincter
relaxation and gastroesophageal reflux in dogs. Gastrointest. Endosc. 57, 17–22.

oelz, H., 1992. Gastric acid in vertebrates. Scand. J. Gastroenterol. 193, 2–6.
uppa, H., 1977. Histology of the digestive tract. In: Gans, C.E., Parsons, T.E. (Eds.),

The  Biology of the Reptilia, vol. 6. Academic Press, New York, pp. 225–314.

attioli, S., Pilotti, P., Felice, V., Lazzari, A., Zannoli, R., Bacchi, M.L., Loria, P., Tripodi,

A.,  Gozzetti, G., 1990. Ambulatory 24-hr pH monitoring of esophagus, fundus,
and  antrum. Digest. Dis. Sci. 35, 929–938.

cKay, M.E., 1929. The digestive system of the eel-pout (Zoarces anguillaris). Biol.
Bull. 56, 8–23.
gy 115 (2012) 319– 329 329

Mekapati, J., Knight, L.C., Maurer, A.H., Fisher, R.S., Parkman, H.P., 2008. Transsphinc-
teric pH profile at the gastroesophageal junction. Clin. Gastroentrerol. Hepatol.
6,  630–634.

Mittal, R.K., Balaban, D.H., 1997. The esophagogastric junction. N. Engl. J. Med. 336,
924–932.

Montgomery, W.L., Pollak, P.E., 1988. Gut anatomy and pH in the Red Sea surgeonfish,
Acanthurus nigrofuscus. Mar. Ecol.-Prog. Ser. 44, 7–13.

Murphy, J.C., Henderson, R.W., 1997. Tales of Giant Snakes. A Historical Natural
History of Anacondas and Pythons. Krieger Publishing Company, Malabar, FL,
USA.

Mushinsky, H.R., Hebard, J.J., 1977. Food partitioning by five species of water snakes
in  Louisiana. Herpetologica 33, 162–166.

Orlando, R.C., 1991. Esophageal epithelial defense against acid injury. J. Clin. Gas-
troenterol. 13, S1–S5.

Orlando, R.C., 1999. Esophageal mucosal glands: structure and function. Am.  J. Gas-
troenterol. 94, 2818–2824.

Papastamatiou, Y.P., Lowe, C.G., 2004. Postprandial response of gastric pH in leopard
sharks (Triakis semifasciata) and its use to study foraging ecology. J. Exp. Biol. 207,
225–232.

Papastamatiou, Y.P., Lowe, C.G., 2007. The response of gastric pH and motility
to  fasting and feeding in free swimming blacktip reef sharks, Carcharhinus
melanopterus.  J. Exp. Mar. Biol. Ecol. 345, 129–140.

Pope, C.H., 1961. The Giant Snakes. Knopf, New York.
Richter, J.E., Bradley, L.A., DeMeester, T.R., Wu,  W.C., 1992. Normal 24-hr ambulatory

esophageal pH values. Digest. Dis. Sci. 37, 1573–2568.
Roush, J.K., 1990. Effects of atropine and glycopyrrolate on esophageal, gastric, and

tracheal pH in anesthetized dogs. Vet. Surg. 19, 88–92.
Secor, S.M., 2003. Gastric function and its contribution to the postprandial

metabolic response of the Burmese python, Python molurus. J. Exp. Biol. 206,
1621–1630.

Secor, S.M., Taylor, J.R., Grosell, M.,  2012. Selected regulation of gastrointestinal
acid–base secretion and tissue metabolism for the diamondback water snake
and Burmese python. J. Exp. Biol. 215, 185–196.

Simonian, H.P., Vo, L., Doma, S., Fisher, R.S., Parkman, H.P., 2005. Regional postpran-
dial  differences in pH within the stomach and gastroesophageal junction. Digest.
Dis.  Sci. 50, 2276–2285.

Skoczylas, R., 1970. Salivary and gastric juice secretion in the grass snake, Natrix
natrix L. Comp. Biochem. Physiol. 35, 885–903.

Spechler, S.J., 2002. Barrett’s esophagus. N. Engl. J. Med. 346, 836–842.
Stevens, C.E., Hume, I.D., 2004. Comparative Physiology of the Vertebrate Digestive

System. University of Cambridge Press, New York.
Taylor, P.M., Tyler, M.J., Shearman, D.J.C., 1985. Gastric acid secretion in the toad Bufo

marinus with the description of a new technique for in vivo monitoring. Comp.
Biochem. Physiol. 81A, 325–327.

Tyler, M.J., Shearman, D.J., Franco, R., O’Brien, P., Seamark, R.F., Kelly, R., 1983. Inhi-
bition of gastric acid secretion in the gastric brooding frog, Rheobatrachus silus.
Science 220, 609–610.

Uriona, T.J., Farmer, C.G., Clayton, J.D., Moore, J., 2005. Structure and function of the
3047–3053.
Youngberg, C.A., Wlodyga, J., Schmaltz, S., Dressman, J.B., 1985. Radiotelemetric

determination of gastrointestinal pH in four healthy beagles. Am. J. Vet. Res.
46, 1516–1521.


	Effects of feeding on luminal pH and morphology of the gastroesophageal junction of snakes
	1 Introduction
	2 Materials and methods
	2.1 Study animals
	2.2 Esophageal and gastric pH
	2.3 Gastroesophageal junction
	2.4 Gastroesophageal morphology
	2.5 Statistical analysis

	3 Results
	3.1 Gastroesophageal distension
	3.2 Esophageal and gastric pH
	3.3 pH gradient at the gastroesophageal junction
	3.4 Postprandial changes in luminal pH at the gastroesophageal junction
	3.5 Gastroesophageal tissue morphology
	3.6 Interspecific variation in luminal pH and tissue morphology

	4 Discussion
	4.1 Gross morphology of the gastroesophageal junction
	4.2 Microscopic morphology of the gastroesophageal junction
	4.3 Luminal pH near the gastroesophageal junction
	4.4 Protective mechanisms of the distal esophagus

	5 Conclusion
	Acknowledgments
	References


