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Abstract
Background/Purpose—Although ingestion of alkali- and/or hypochlorite-based household
cleaners as well as strong acids remain a major cause of esophageal wall injury, little is known about
the mechanisms that underlie the injury response to these toxic agents. This study examined the roles
of vascular dysfunction and inflammation to the esophageal injury response to different caustic
substances in mice.

Methods—The esophageal responses to NaOH (10%, 5% & 2.5%), KOH (10%, 5%, & 2.5%),
NaOCl (5.25%), and HCl (10%, pH=2) were evaluated by intravital videomicroscopy, and
histopathology. Intravital microscopy was used to monitor changes in the diameter of arterioles and
venules, the adhesion and movement of leukocytes in venules, and time of cessation of arteriolar
blood flow in mouse esophagus. The esophageal mucosa was exposed to caustic substances for 0–
60 minutes prior to evaluation.

Results—The higher concentrations of NaOH and KOH elicited rapid stasis in both arterioles and
venules, which was accompanied by arteriolar constriction and thrombosis. An accumulation of
adherent leukocytes in venules was not observed with any agent. Histopathologic evaluation revealed
marked cellular and interstitial edema in the mucosa with alkali, while HCl and NaOCl decreased
the thickness epithelial layer.

Conclusion—These findings suggest that ischemia and thrombosis are dominant processes, while
inflammation is less important, in the pathogenesis of acute corrosive injury to the esophageal
mucosa.
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Introduction
Ingestion of caustic substances remains a common health problem that affects children
worldwide and continues to represent the most common cause of esophageal stricture in this

Address correspondence to: D. Neil Granger, PhD, Department of Molecular and Cellular Physiology, Louisiana State University Health
Sciences Center, 1501 Kings Hwy, Shreveport, LA 71103-3932, E-mail dgrang@lsuhsc.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Pediatr Surg. Author manuscript; available in PMC 2009 September 1.

Published in final edited form as:
J Pediatr Surg. 2008 September ; 43(9): 1672–1678. doi:10.1016/j.jpedsurg.2008.01.069.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



age group1. Medical problems caused by caustic ingestion are associated with both acute and
chronic complications. Acute complications include local burn and interstititial edema in upper
GI passages, and aspiration with subsequent respiratory complications. Chronic complications
include esophageal stricture, malnutrition and psychological problems2.

Previous experimental studies of caustic ingestion have largely focused on potential therapeutic
agents/interventions that either antagonize the acute effects of the caustic substance or reduce
the deposition of fibrous tissue and subsequent stenosis that often follows the injury. While
corticosteroids and antibiotics has been advocated to reduce the inflammatory response
initiated by caustic ingestion, the clinical benefits of these treatments remain controversial3–
17. Most drug therapies for caustic ingestion that have been tested to date have not shown
significant clinical efficacy and endoscopic dilatation or surgical resection remain an option
for management of patients with severe complications resulting from caustic ingestion2,7,15,
16.

The search for effective treatments for esophageal injury that result from caustic ingestion has
been hampered by a clear understanding of the nature, time-course, and underlying mechanisms
of the tissue responses to caustic agents. Strong acids are believed to cause necrosis through
denaturation of proteins (coagulation necrosis), while strong alkalis mediate necrosis via the
saponification of fats and solubilization of proteins (liquefactive necrosis)2. However, little
else is known about the pathophysiology of caustic injury to the esophagus1. While thrombosis,
ischemia and inflammation have all been implicated in the pathogenesis of caustic injury, there
is no direct evidence demonstrating the genesis of these responses in the esophageal mucosa
after exposure to strong acids or alkali.

Intravital microscopy (IVM) is a widely used method to visualize and study the
microcirculation in living tissue. This technology allows for quantification of different
physiological variables, including vessel diameter, perfusion rate, pressures, and permeability.
The application of specific fluorochromes and fluorescence imaging with IVM also enables
the user to quantify the movement of specific blood cell populations within the vessel lumen
as well as the adhesive interactions between these cells and vessel wall.18 In the present study,
IVM was used to monitor changes in the diameter of arterioles and venules, the adhesion and
movement of leukocytes in venules, and time of cessation of arteriolar blood flow in mouse
esophagus after exposure to different caustic agents. The overall objective of this study was to
determine whether vascular dysfunction and inflammation are early components of the
esophageal injury response to commonly ingested caustic substances.

Materials and Methods
Animals

Male C57BL/6J mice (n = 121) were purchased from The Jackson Laboratory (Bar Harbor,
Maine, USA). Animals were maintained on a 12-hour light/12-hour dark cycle under pathogen-
free conditions. The mice had ad libitum access to a standard diet and water until reaching the
desired age (8–10 weeks) and/or weight (20–25 g). All procedures using animals were reviewed
and approved by the Institutional Animal Care and Use Committee of Louisiana State
University Health Sciences Center and were performed according to the criteria outlined by
the National Institutes of Health.

Caustic substances
The following substances were evaluated: sodium hydroxide (NaOH) SigmaUltra® (pellets,
minimum concentration 98%) diluted into three concentrations: 10%, 5%, 2.5%, potassium
hydroxide (KOH) SigmaUltra® (pellets, KOH ≥85%, K2CO3 ≤2.0%) diluted into three
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concentrations 10%, 5%, 2.5%, Sodium hypochlorite (NaOCl) 5.25% (commercial Clorox®),
hydrochloric acid (HCl) diluted into two concentrations 10% and (pH = 2). Saline was used as
the control solution.

Intravital microscopy experiments
Mice (n= 61) were anesthetized subcutaneously with a mixture of Ketamine and Xylazine at
doses of 100 and 5 mg/kg, respectively. The right femoral artery and left femoral vein were
cannulated with polyethylene tubing (PE-10). A midline abdominal incision was made and the
lower part of the esophagus was cannulated using polyethylene tubing (PE-90) just above the
gastroesphageal junction. The tubing was secured in place with a silk tie. The neck was opened
through an inverted T-incision and the trachea exposed. The left sternomastoid and strap
muscles of the neck on both sides were divided by heat cautery to enhance exposure of the
trachea, which was cannulated PE90 tubing (PE-90) secured in place by silk suture. Traction
was applied to the silk suture to tilt the trachea slightly to the right in order to expose the
underlying esophagus. Fascia covering the esophagus was dissected, taking care not to injure
the esophageal vascular supply. A PE-90 cannula for delivery of caustic substances was
advanced through the mouth to the lower border of the larynx. A thin strip of Saran wrap was
placed over the esophagus to prevent dryness.

The mouse esophageal microcirculation was visualized using 40x water immersion lens of an
upright Nikon fluorescence microscope (Nikon Inc, Tokyo, Japan) equipped with a 75-watt
XBO xenon lamp. A solution of 0.2 ml of rhodamine-6G was injected through the venous
cannula and then the mouse was allowed to stabilize for a period of 30 minutes prior to
collection of video images of the microvasculature. An arteriole and venule within the wall of
the esophagus were selected for study. Digital video recordings of 30-second duration were
obtained under control (pre-exposure to caustic agent or saline) conditions, at 2.5 min intervals
during the first 10 min of chemical exposure period, and at 5 min intervals thereafter, until the
cessation of blood flow or 60 minutes, whichever occurred first. The following variables where
measured offline in each of the video recordings: internal diameters of the arteriole and venule,
number of leukocytes firmly adhering (stationary) in venules for at least 30 seconds, flux (#
per 30 sec) of rolling leukocytes, time to cessation of blood flow in both the arteriole and
venule. Blood pressure was also monitored via the femoral artery cannula.

Histopathology
Following intraluminal placement of the caustic solution (0.2 ml) for a period of 10 min, the
lumen was rinsed with 1.0 ml of saline. The cervical esophagus was then harvested and
immediately fixed in formalin. The tissue samples were cut into sections, stained with
hematoxyline and eosin and evaluated histologically. Quantification of the histological changes
was performed using a previously described scoring system with a few modifications5. The
slides were graded blindly by a pathologist using the following criteria:

*Esophageal viability (0- normal esophagus, 1-only mucosal necrosis, 2- necrosis involving
mucosa and superficial muscle layer, 3- necrosis involving all three layers, mucosa, superficial
muscular layer and deep muscle with adventitial layer).

* Cornified epithelial cell differentiation, (0- present, 1- not present).

* Epithelial cell nucleoli, (0- normal, 1- nucleoli present only in superficial 1/3 of mucosal
cells, 2- nucleoli present only in superficial 2/3 of mucosal cells, 3- nucleoli present in full
thickness of the mucosal cells).
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* Edema and spongiosis (0- normal, 1- Edema and spongiosis present only in superficial 1/3
of squammous mucosa, 2- Edema and spongiosis present only in superficial 2/3 of squammous
mucosa, 3- Edema and spongiosis present in full thickness of the squamous mucosa).

* Thrombosis (0- not present, 1- present).

A total histopathology score, with a maximum potential value of 10, was derived from the sum
of the individual scores for tissue viability, cornified epithelial cell differentiation, epithelial
cell nucleoli, edema/spongiosis, and thrombosis.

Data analysis
Statistical analyses of the data were performed with StatView 4.5 software (Abacus Concepts
Inc, Berkeley, CA) using 1-way ANOVA with Fisher’s (post hoc) test. All values are reported
as means ± SEM. Statistical significance was set at P < 0.05.

Results
Intravital microscopy

Blood flows in esophageal arterioles and venules were monitored for a period of 60 min
following placement of saline or different caustic solutions in the esophageal lumen. Table 1
summarizes the times required for blood flow cessation in both arterioles and venules after
exposure to the different solutions. Saline, as well as HCl (10% and pH 2.0), NaHOCl (5.25%),
NaOH (2.5%) and KOH (2.5%) did not result in microvascular flow cessation over the 60 min
observation period. However, 10% solutions of either NaOH or KOH lead to a very rapid (<10
min) and complete cessation of arteriolar and venular blood flows. The 5% solutions of the
same agents also resulted in blood flow cessation, although a slightly longer time (≥ 15 min)
was required to mediate this response.

The responses of arteriolar and venular diameter to the different caustic solutions were also
monitored. The resting (control) diameter of arterioles in these experiments was 24.2 ± 0.86
μm, while the resting venular diameter was 44.5 ± 1.4 μm. Arteriolar diameter was largely
unaffected by luminal perfusion with most the caustic agents, with the exception of HCl
(pH=2.0 & 10%) (Figure 1a). More profound changes in arteriolar diameter were noted with
5 & 10% NaOH, and 5% & 10% KOH (Figure 1b), which produced 38%, 18%, 30% and 27%
peak reductions in arteriolar diameter, respectively. Only two solutions were noted to
significantly alter the diameter of esophageal venules by more than 20% (Figure 1d), i.e., 5%
KOH and 5% NaOH, which reduced vessel diameter by 49% and 39%, respectively. 10%
NaOH produced an 18% reduction in venular diameter, while an even smaller (11–14%
reduction) change was noted with 10% HCl (Figure 1c).

Under basal conditions, the number of adherent leukocytes in esophageal venules (no leukocyte
adherence was noted in arterioles) was 301 ± 58 cells per mm2 vessel area, while the leukocyte
flux was 754 ± 82 cells/30 secs per mm2. Neither the number of adherent leukocytes nor
leukocyte flux was significantly altered by exposure of the esophagus to saline or any of the
caustic solutions, although there was a tendency for a decline in leukocyte recruitment that
paralleled the changes in venular blood flow.

Histopathology
A summary of the scoring of histopathological changes in the esophagus elicited by the
different caustic solutions is provided in (Figure 2). The total score (sum of individual indices)
and the contributions of tissue viability, cornified epithelial cell differentiation, epithelial cell
nucleoli, edema/spongiosis, and thrombosis to the total score are presented for each solution.
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While no significant tissue pathology was evident after exposure of the mouse esophagus to
either saline, HCl (10% & pH=2) or 2.5% KOH, significant histological changes were noted
with all other solutions. NaOCl elicited a small (1.7 ± 0.6) but significant increase in
histopathology score that reflected changes in epithelial viability, edema/spongiosis, and the
presence of a cornified layer as well as thrombosis. The histopathological changes noted with
5 & 10% KOH, and 2.5, 5, and 10% NaOH were substantially larger, with total histopathology
scores ranging between ~7.5 (5 & 10% KOH) and 8.0 – 8.6 (2.5, 5 & 10% NaOH). Edema/
spongiosis and the appearance of epithelial nucleoli largely accounted for the high total
histopathology scores induced by these solutions.

(Figure 3) illustrates representative histopathological changes observed in the murine
esophagus exposed to 10% KOH (Figure 3b), or 10% NaOH (Figure 3c), and compares these
changes to the saline exposed esophagus (Figure 3a). These changes are typical of the
quantitative histopathological data summarized in Figure 2 for the same caustic agents and
concentration. (Figure 4) illustrates representative responses of arterioles and venules in the
esophageal microcirculation following exposure to KOH 10 %. Figure 4a shows both an
arteriole and venule before exposure to the caustic agent. Figure 4 b is an image obtained 4
minutes post-exposure and shows a marked reduction in the arteriolar diameter with almost no
change in venular diameter. The number of adherent leukocytes in the venule was largely
unaffected by KOH exposure.

Discussion
The accidental ingestion of caustic agents remains a leading cause of esophageal injury in
children worldwide1. While this has led to an intensive effort to identify therapeutic
interventions that protect against chemical burns to the esophagus, no effective treatments for
the acute phase of injury have been found to date. Advancements in this field however may be
limited by the lack of information on how strong alkali and acids produce rapid tissue necrosis
in the esophagus. Although thrombosis, ischemia and inflammation have all been implicated
in caustic injury to the esophagus1, there are no reports in the literature that directly address
the responses of the esophageal microvasculature to the injury-inducing caustic agents. In this
study, intravital videomicroscopy was used to monitor the early responses of the murine
esophageal microcirculation to noxious concentrations of alkali and acids in order to determine
whether these agents elicit changes that are consistent with thrombosis, ischemia and
inflammation. Our findings are consistent with rapid vascular stasis caused by both vessel
constriction and thrombosis. Our findings also indicate that the vascular stasis is not
accompanied by the recruitment of inflammatory cells in the early period following exposure
to the noxious agents.

Previous studies of caustic tissue injury to the esophagus have largely involved the use of rats,
rabbits or larger animals12,13,14. The present study represents the first effort to evaluate the
toxic effects of strong alkalis and acids in mouse esophagus. The histopathological changes
elicited by alkali and acid in mouse esophagus are qualitatively similar to those previously
reported for other species and are consistent with the view that strong acids and alkali cause
rapid tissue necrosis, edema and thrombosis in this tissue5. Quantitative comparisons of our
histopathological changes with those reported in other tissues are difficult since different
concentrations of the noxious agents and pathologic scoring systems were used. Nonetheless,
the murine model for study of esophageal injury following exposure to caustic agents holds
much promise since the animals are readily available and inexpensive. More importantly, a
large number and wide variety of mutant mice are available for detailed analysis of molecular
mechanisms that contribute to the pathogenesis of esophageal injury. These mutants provide
an entirely new strategy for identifying potential therapeutic strategies for treatment of burn
injuries in the esophagus.
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A striking response of the esophageal circulation to caustic injury was the complete and rapid
cessation of blood flow in both arterioles and venules, which supports the view that ischemia
is an early manifestation of the injury response to noxious agents. The highest concentrations
of alkali (10% KOH & NaOH) studied led to flow cessation within 5–8 minutes, while 5%
solutions of the same agents caused flow cessation within 15–16 minutes (Table 1). Our
arteriolar diameter and histopathology data suggest that both thrombosis and vasoconstriction
may contribute to the rapid stasis in esophageal arterioles and venules. Exposure of the
esophagus to the alkali solutions was usually accompanied by thrombosis (Figure 1). Some
solutions, such as 5% NaOH and 5% KOH, were also associated with significant peak
reductions in arteriolar diameter, ranging between 25 and 40%. Assuming a cylindrical
geometry, arteriolar constriction of this magnitude may result in blood reductions ranging
between 70 and 90%. The added response of venoconstriction that was noted for 5% KOH
may also contribute to the rapid decline in blood flow. It is likely that the combination of
vasoconstriction and thrombosis is needed to elicit the stasis that was observed with the alkali
solutions. Support for this contention is derived from the observation that HCl (pH =2) was
associated with a 23% reduction in arteriolar diameter but less frequently with thrombosis.
Similarly, HCl did not lead to flow cessation within 60 min nor did it produce significant
histological changes. The absence of histological changes with HCl may reflect the short
duration of acid exposure.

Another objective of this study was to determine whether the esophageal microcirculation
contributes to the early injury response to caustic agents by mediating the recruitment of
inflammatory cells. By monitoring the trafficking of leukocytes in esophageal venules using
intravital microscopy we did not observe a significant increase in the recruitment of leukocytes
within the first hour after caustic injury. While 60 min may have been too early to expect
significant leukocyte recruitment, previous work in other vascular beds of the digestive system
have revealed large and highly significant increases in the number of adherent leukocytes when
venular blood flow (shear rate) is reduced19,20. This shear rate-dependent recruitment of
adherent leukocytes is manifested when blood flow is reduced either locally by vessel occlusion
or systemically by graded hemorrhage19,20. The absence of leukocyte recruitment in
esophageal venules in the face of profound reductions in blood flow is therefore unexpected,
but it may reflect the unique circumstances (such as thrombosis and direct chemical interactions
with blood elements) that accompany caustic injury. Our observations in the first 60 min
following esophageal exposure to strong alkali and NaOCl do not negate a role for
inflammatory cell infiltration and leukocyte-mediated tissue damage at later time points. It is
possible that venular blood flow is eventually restored in some esophageal venules after caustic
injury, allowing for the delivery of inflammatory cells that have been shown histologically to
infiltrate the esophagus days after exposure to the caustic agent 21. Additional work is needed
to address how the injured esophageal microvessels can sustain this delivery of inflammatory
cells in the face of blood flow stasis.

In conclusion, the results of this study provide novel insights into the early vascular responses
that accompany the esophageal injury induced by strong acid and alkali. Our findings indicate
that the most toxic noxious agents are alkali which elicit a rapid cessation of blood flow in
esophageal microvessels. Vasoconstriction and thrombosis may both contribute to the
esophageal ischemia induced by alkali. The changes in esophageal blood flow are not
associated with an enhanced recruitment of inflammatory cells that is mediated through
adhesive interactions with venular endothelium. Intravital microscopic observation of the
murine esophageal microcirculation represents a powerful new approach to defining the
mechanisms that underlie the burn injury that is associated with ingestion of caustic agents.
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Figure 1.
Changes in esophageal arteriolar diameter over a 60 minute period following intralumenal
exposure to (Figure 1a) NaOCl, HCl (pH=2 & 10%), 2.5% KOH, 2.5% KOH, or saline. (Figure
1b) summarizes the changes for 5 & 10% NaOH and 5 & 10% KOH. With the latter solutions,
arteriolar diameter was not measured after flow stasis was detected. Changes in the venular
diameter where shown in (Figure 1c) for NaOCl, HCl (pH=2 & 10%), 2.5% KOH, 2.5% KOH,
or saline, and (Figure 1d) for 5 & 10% NaOH and 5 & 10% KOH. # indicates p < 0.05 compared
to corresponding control value.
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Figure 2.
Histopathology score for murine esophagus exposed to different caustic solutions. The
contributions of thrombosis, edema/spongiosis, cornified layer, epithelial viability, and
epithelial nucleoli to the total score are also depicted.
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Figure 3.
Representative histopathological changes observed in the murine esophagus exposed to 10%
KOH (Figure 3b), or 10% NaOH (Figure 3c), and compares these changes to the saline exposed
esophagus (Figure 3a).
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Figure 4.
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illustrates typical changes in an esophageal arteriole (A) and venule (V) following exposure
to KOH 10 %. (Figure 4a) shows both an arteriole and venule before the exposure. (Figure 4b)
is an image obtained 4 minutes post-exposure.
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Table 1
Effects of different caustic solutions on the time for blood flow cessation in esophageal arterioles and venules.

Substance and concentration Time to blood flow cessation (min)
Saline >60
HCl 10% >60
HCl pH=2 >60
Na hypochlorite 5.25% >60
Na hydroxide 10% 8.25 ± 1.25*
Na Hydroxide 5% 16.4 ± 2.8*, #
Na hydroxide 2.5% >60
K hydroxide 10% 5.8 ± 0.56*
K hydroxide 5% 15.3 ± 1.63*, #
K hydroxide 2.5% >60
*
P<0.05 vs. saline, sodium hydroxide 2.5%, potassium hydroxide 2.5%

#
P<0.05 vs. sodium hydroxide 10%, potassium hydroxide 10%
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