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INTRODUCTION

Ischemia-reperfusion injury of the intestine is associated with a high morbidity and
mortality rate in both surgical and trauma patients [31,35].

Intestinal ischemia, defined as hypoperfusion of blood through the organ, may be
present for example during and after aortic aneurysm surgery, development of
splanchnic artery embolus, intestinal strangulation, small bowel transplantation,
neonatal necrotizing enterocolitis, and collapse of the systemic circulation as in
hypovolemic and septic shock [31,35,129]. Metabolically active tissues such as the
intestine are particularly susceptible to ischemia [52,151]. The mitochondria, which
are essential for production of ATP and thereby organ recovery, are the first
organelles to be influenced by ischemia [67]. It is well established that the epithelium
located at the tips of the villi are more sensitive to the effect of ischemia than cells
located at the bottom of the crypts [28]. This increased sensitivity has been attributed
to the location at the end of the distribution of a central arteriole which may lead to
lower oxygen tension compared to the crypts [68,69]. In addition, a recent study in a
rat model demonstrated that the sensitivity of an enterocyte also is dependent on its
state of differentiation [63].

For more than 25 years it has been known that restoration of blood flow after
ischemia paradoxically may lead to increased damage of the tissue under study [21].
This phenomenon is to a large part related to catabolism of ATP to hypoxanthine and
conversion of xanthine dehydrogenase to xanthine oxidase during ischemia. Upon
reperfusion the reintroduction of oxygen allows xanthine oxidase to convert
hypoxanthine to xanthine and further form reactive oxygen species; O, , H,O,, OH".

[51,52,61].Under normal conditions O is detoxified by superoxide dismutase, but



this defence mechanism may during reperfusion be overwhelmed and available Oy
may react with H,O, leading to formation of OH". The hydroxyl radical is highly
reactive and lead to lipid peroxidation and thereby cellular damage [64,91].
Ischemia/reperfusion injury shows the features of an inflammatory response that in
the microvasculature is characterized with loose adhesion (rolling) of neutrophils
primarily regulated by selectines, thereafter firm adhesion to the endothelial wall and
finally emigration into the interstitial space which is largely regulated by integrins
[31,53,101]. Activated polymorphonuclear leucocytes are another potential source of
oxygen radicals [119,146]. They may also cause tissue damage by plugging of
capillaries [7] and release of proteolytic enzymes [22]. The burst of reactive oxygen
species released upon reperfusion elicits a variety of biochemical and molecular
events. Under normal conditions the production of NO is much larger than that of
superoxide and therefore NO effectively scavenges low intracellular levels of
superoxide, reduce arteriolar tone, prevent platelet aggregation and thrombus
formation, and minimize the adhesion between leukocytes and endothelium [47,148].
Upon reperfusion the balance between NO and superoxide is tipped in favour of
superoxide [74,75,76] . When the relative level of NO is reduced, the formation of
H,0, is promoted which again can enhance activation of phospholipase A,. The result
may be accumulation of mediators such as platelet activating factor (PAF) and
leukotrienes (i.e., LTB,4), which again may initiate the transcription factors nuclear
factor kappa B (NF-xB) and activator protein 1 (AP-1). These transcription factors are
probably essential for initiating expression of a large number of genes that participate
in tissue injury, but also in tissue repair throughout the reperfusion period [21].
Ischemic injury to the intestinal mucosa can be divided into two types: 1) deep injury

involving extensive haemorrhage and large areas of tissue necrosis, and 2) superficial



injury confined to the surface epithelium of the mucosa. The histologic changes
induced by ischemia are first noted at the tips of the villi and may progress to frank
transmural necrosis, depending on the duration and severity of the ischemic episode
[16,149]. Repair of deep injury takes weeks and involves mitosis. Superficial injury is
rapidly repaired, over hours, by epithelial restitution.

Intestinal barrier failure plays an important role in the development of multiple organ
dysfunction syndrome by allowing translocation of bacteria or bacterial products from
the intestinal lumen to blood. In addition to the surface epithelium, the intestinal
barrier consists of the normal microbial flora, the mucous layer, an intact immune
system, and the gut-liver axis (bile salts binding intraluminal endotoxin) [10,44].

The surface epithelium; the single layer of columnar enterocytes and goblet cells, are
joined together by junctional complexes (tight junctions, adherent junctions, and
desmosomes). Depending on the properties of the molecule of interest (size,
configuration, charge, hydrophilic properties), transport across the epithelial lining
can be paracellular or transcellular, passive or active (energy dependent) [10,48].
Under normal conditions small molecules can traverse this border, while the passage
of large molecules and bacteria are prevented. Several pathophysiologic insults have
been shown to compromise this cellular barrier. One mechanism of particular
importance is ischemia/reperfusion injury. It has been shown that increased gut
permeability and the degree of bacterial translocation correlates with the extent of
intestinal mucosal injury [114,129]. Although there are conflicting data [96,117],
several animal models developed to study bacterial translocation associated with
intestinal ischemia show the occurrence of bacteria in mesenteric lymph nodes and
blood [8,9,130,131]. Furthermore, there are several clinical studies indicating that loss

of the intestinal mucosal barrier to bacteria and endotoxin contributes to the



development of systemic infections or multiple organ failure [15,34], and Ammori et
al demonstrated a close correlation between the degree of endotoxinemia and
intestinal permeability to a macromolecule in patients with severe pancreatitis [3]. It
appears, in addition, that the translocation of bacteria and endotoxin may lead to local
activation of the immune inflammatory system and the local production of cytokines
and other immune inflammatory mediators. These intestinally derived mediators may
then exacerbate the systemic inflammatory response and potentially lead to further
increase in gut permeability [129].

Although there is a growing knowledge about mechanisms involved in or responsible
for intestinal tissue injury and dysfunction caused by ischemia/reperfusion, there are
still several issues that remain unclear: 1) There might be considerable species
differences which could be related to much higher levels of certain enzymes (i.e.,
xanthine oxidase) in rodent intestinal tissue than in other animal species (i.e., pigs) or
humans [11,32,73,106]. This may lead to more pronounced reperfusion injury in
rodents, which by far are the most used experimental animals. 2) In most studies on
ischemia/reperfusion of the intestine restitution of the surface epithelium has not been
considered or reported. One reason for this may be that reperfusion injury in rat
models in the early reperfusion period (i.e., 1 or 2 hours) may mask repair processes
such as restitution. 3) Most studies in this field report on the effect of interventions
that may modify the outcome of intestinal ischemia typically induced by occlusion of
the superior mesenteric artery for defined time periods. However, there is still a need
to investigate ischemia/reperfusion injury of the intestine in models that more closely
mimic clinical situations. 4) Clinically applicable methods that can provide
information about key manifestations of ischemia/reperfusion such as intestinal tissue

injury and permeability changes are few and often unreliable.
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AIM OF STUDY

The overall purpose of the present thesis was to develop experimental models and

apply methods that might elucidate these issues and in particular:

- To perform a detailed morphological analysis of the intestinal mucosa after a

clinically relevant period of aortic cross-clamping.

- To explore the tissue injury, epithelial repair and permeability changes caused by
different duration of intestinal ischemia, and whether information obtained by the

microdialysis technique reflect these changes.

- To evaluate the resistance of the postischemic restituted intestinal mucosa to further
ischemia, and to identify changes in mRNA expressions that may relate to this

resistance.

- To evaluate mucosal injury, repair, and permeability changes after different duration

and intensity of strangulation obstruction, and whether markers of anaerobic

metabolism and cellular damage released to the intestinal lumen mirror such changes.
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METHODOLOGICAL CONSIDERATIONS

Experimental animals

All experimental protocols were approved by the local laboratory animal science
veterinarian and the Norwegian State Commission for Animal Experimentation.
Ninety-one male juvenile pigs, Norwegian Landrace/Y orkshire, were used in the
present experiments. Throughout the experiments the pigs were taken care of by
experienced anaesthesiologists and surgeons. The size of the animals made the
ischemic interventions and instrumentations easier, and allowed repeated blood
samples without causing alterations in central hemodynamics. To reduce stress, all
pigs were kept in the animal laboratory for 7 days before the experiment. From the

night before the experiment, they were fasted with free access to water.

Anaesthesia

All experiments were performed and terminated under general anaesthesia.
Premedication was given as an intramuscular injection of azaperone and diazepam.
Anaesthesia was induced with thiopental, ketamin, and atropine intravenously.
Anaesthesia was maintained with fentanyl and midazolam intravenously and
isoflurane gas. After total anaesthesia was confirmed, the animals were
tracheotomised, intubated, and ventilated with 40 % oxygen. Tidal volume was kept
at 10 mL/kg, and minute ventilation was adjusted to maintain PaCO; in the range 4.5
— 5.5 kPa. Blood volume was maintained throughout the experiment by continuous

infusion (10-15 ml/kg/h) of Ringer solution.
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Blood flow determination

Tissue blood flow and cardiac output were determined by the colour labelled
microsphere distribution technique [71]. This method is based upon the assumption
that the amount of embolized microspheres into a tissue is proportional to the blood
flow to this tissue during injection of the microspheres into the left cardiac ventricle
[62]. Determination of cardiac output is similarly based upon a proportional

relationship to the amount of microspheres found in a reference sample [120].

Tissue blood flow (ml/min/g) = flow in ref sample x number of spheres in tissue sample

number of spheres in ref sample

Cardiac output (ml/min) = total number injected spheres x flow in ref sample

number of spheres in ref sample

There are several sources of error which must be considered when using this
technique. Each batch must be controlled for size (range), aggregations, abberants and
damage of the microspheres. Sphere size must be selected carefully to assure that all
microspheres are entrapped in the peripheral microcirculation and that no significant
number bypasses the organs. To avoid differences in concentrations of microspheres
between different arteries mixing should be even and sufficient microspheres should
be injected. Delivery of spheres into the left cardiac ventricle gives adequate mixing
of spheres in the blood stream. Obtaining equal distribution of spheres to the right and
left kidneys confirms this. When the number of spheres in tissue specimen is higher
than 384, based on a Poisson’s distribution, the measurements yield reliable statistics

[19]. Altogether, this method is well validated also for the small intestine and when

13



appropriately applied ensures accurate measurements [36]. A disadvantage is that this
method permits only a limited number of measurements.

For continuous blood flow measurements ultrasound transit time flow probes were
placed around the portal vein in the first study, around the portal vein and the superior
mesenteric artery in the second study, around the superior mesenteric artery in the
third study, and around the main mesenteric artery supplying ileum in the fourth
study. The Doppler ultrasound technique is based upon measurement of movement of
the red blood cells through the beam as a phase change in the received signal. The
resulting Doppler frequency can be used to measure velocity if the beam/flow angle is
known. The flow is proportional to the transit time. All calculations were made
automatically by the flowmeter and displayed as ml/min. The Doppler ultrasound
technique has been extensively used both under experimental and clinical conditions

[81,89].

Morphological examination

Morphological classification of intestinal mucosal injury caused by ischemia and
reperfusion has in the majority of studies been based on the classification reported by
Chiu et al in 1970 [28]. Grading on a scale from 0 to 5 this classification describes
varying degree of lifting of the surface epithelial cells from the surface of the villi,
denudation of the villi, or disintegration of the lamina propria (grade 5). However, this
classification does not take into account restitution after superficial injury of the
surface epithelial lining in the gastrointestinal tract. Although Grant already in 1945
described replacement of gastric surface epithelium within 4 hours after ethanol injury
[58], the importance of this phenomenon was not appreciated until 1982 when Svanes

et al described morphological events after destruction of the surface epithelium in frog
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stomachs mounted in Ussing chambers [128]. They showed that remaining surface
epithelial cells along the sides of and at the tips of villi migrates by extending
lamellipodia over the basal lamina and covered the surface of the villi within 4 hours.
This process was subsequently reported after various forms of chemical injury of the
mucosa in all parts of the gastrointestinal tract in vitro [5,40,95,122] and in vivo
[59,77]. Much less attention has been paid to restitution in ischemia/reperfusion
models. Park and Haglund reported on a high degree of regeneration of the rat small
intestinal mucosa without increased mitosis at 6 hours after 45 min of warm ischemia
[104]. Blikslager et al also reported on a high degree of restitution at 6 hours after
ischemia in the porcine ileum [11]. In a series of in vitro studies this group has also
reported on mechanisms for reassembly of tight junctions in the restituted porcine
intestinal surface epithelium and thereby for functional recovery after ischemia
[12,14,20,50,80,93,94]. Goblet cells may play a role in restitution [65] and epidermal
growth factors enhance restitution after ischemia/reperfusion in rat models [39]. Apart
from these studies there are relatively scant studies that consider the influence of
restitution as a participant in recovery of intestinal barrier functions after ischemia.
Preliminary histological examination of the postischemic small intestine in pigs at the
start of the experiments of the present thesis work showed surface epithelial cells at
the villi tips that were not normal. These cells had characteristics that closely
resembled low cuboidal restituted cells described 1 to 2 hours after mucosal damage
with hypertonic saline in the cat and rat stomach [37,59,60]. Ultrastructural
examination of such areas showed features that were similar to those originally
described in the restituting frog gastric mucosa [128], i.e. flattened elongated cells
extending lamellipodia over an infolded basal lamina (paper I). At the light

microscopy level changes at the villi tips, sometimes extending along the sides of the
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upper parts of the villi, could be categorized using a slight modification of the
description by Lacy and Ito [77], i.e. 1) normal columnar epithelium, 2) columnar
epithelium with an irregular shape and basal vacuolization of the cytoplasm (in situ
damage), 3) denuded basement membrane where the surface epithelium had been
sloughed off, and 4) low cuboidal or restituted surface epithelial cells (paper I).
Interobserver variability in the morphometric judgement performed by two

investigators is presented in table 1.

Table 1

Mean difference SD Range
Normal epithelium -0.91 6.88 38 (-18,20)
Cuboid epithelium 0.27 4.14 23 (-14,9)
In situ damage 2.50 5.93 22 (-3,19)
Denuded basement membrane -1.86 3.88 17 (-14,3)

% of surface length, n =22

As shown in this table, there was a very good agreement between the two

investigators.

Permeability

Permeability across the intestinal mucosa can be assessed in vivo by administration of
a marker molecule enterally and then measure the recovery either in urine or plasma
[99,112,113]. Alternatively the marker molecule may be infused intravenously and
the clearance of the marker to an isolated bowel loop perfused with a buffer solution
can be calculated [115]. Ex vivo, permeability can be measured by the everted gut sac

method in which a segment of the intestine is everted with mucosal side out, ligated at
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both ends, and placed in a bath of oxygenated solution. Permeability is then assessed
by transport of the marker probe from the bath to the serosa lined lumen [23,143].
Another way of measuring permeability ex vivo is to excise a segment of the
intestine, strip off the seromuscular layer and mount the mucosa in an Ussing
chamber. Bidirectional transport of marker molecules between the two halves of the
chamber can then be measured [29,102,103,117].

The ex vivo methods obviously have less confounding factors than in vivo methods,
for example variations in blood flow, variations in urinary excretion of a marker
molecule and a number of other factors [100]. In the present thesis work we still chose
to use the in vivo approach because it allows more direct comparisons with the
morphologic state of the mucosa (injury or repair) and with microdialysis data
(glycerol and lactate).

Permeation of hydrophilic marker molecules with a cross sectional diameter of 10-30
A across the intestinal surface epithelium most likely use the paracellular route
[85,102], which to a large part is regulated by tight junctions [4,84,140]. Formation of
tight junctions is an integral part of restitution of the surface epithelium. We wanted
to assess permeability of marker molecules which is regulated by these paracellular
bridges, and another point was to assess marker molecules with a molecular weight
that approximates gramnegative endotoxins. Polyethylene glycol with a molecular
weight of 4000 Da (PEG-4000) and fluoroescein isothiocyanate dextran (4000 Da,
FD-4) fulfil both of these requirements. PEG-4000 has an estimated diameter of 12-16
A [48,79], and FD-4 approximately the same [115,137], and a molecular weight of
4000 Da is about the same as endotoxins [145,147]. They are both much smaller than

the size of the small pores in the microvasculature of cat ileum which has been
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estimated to be 46 A [57] and they are both stable and not metabolically degraded
[24,132].

Permeability, from the intestinal lumen to the blood, was assessed by **C PEG-4000
(paper I, I1, IV). An isolated small intestinal loop of 30 cm was filled with PEG-4000.
Samples from the solution instilled into the intestinal loop, from venous blood, and
urine were counted in a B-scintillation counter. The net count rate in each sample was
assumed to be proportional to the concentration of PEG-4000. PEG-4000 is cleared
only by urinary excretion. The coefficient of variability regarding laboratory handling
(sampling, handling on site, transport, etc) was for the plasma samples 3.5 % (60
measurements), and for the urine samples 1.4 % (32 measurements). For the -
counting the co-efficient of variability for the plasma and urine was 3 % and 1 %,
respectively.

To assess permeability from the blood to the intestinal lumen (paper 111, 1V) a bowel
loop of 20 cm, ligated at each end, was perfused with Ringer acetate. FD-4 was
injected intravenously and clearance to the intestinal perfusate was measured with a
fluorescence spectrophotometer. A potential source of error using this technique could
be dye quenching caused by blood staining of the perfusate, particular in paper IV. To
assess this possibility a set of in vitro experiments in which increasing amounts of
blood were added to standard samples with concentrations of FD-4 in the actual range
of the present experiments. Staining with blood to an extent much more than ever

observed in our experiments did not influence the calculated concentrations of FD-4.

Microdialysis

In medical practise most sampling from the body is achieved by drawing blood. The

microdialysis technique, on the other hand, gives you a “sneak preview” of what goes
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on in the tissue — before any chemical events are reflected in changes of systemic
blood levels. The basic principle is to mimic the function of a capillary blood vessel
by perfusing a thin dialysis tube implanted into the tissue with a physiological liquid
[124,138]. The microdialysis catheter consists of an inner tube and an outer tube with
a semi-permeable membrane (length 20 mm, diameter < 1mm). The catheter is placed
in the interstitial space of the tissue of interest. The inner tube is continuously
perfused with a perfusion fluid. During the return through the outer tube an exchange
of compounds between the tube and the interstitial space takes place over the semi-
permeable membrane (diffusion along concentration gradients). This dialysate is then
collected and its contents are analysed. The completeness of exchange or recovery
depends on the length of the catheter, membrane characteristics (pore size), properties
of the compound of interest, and the perfusion rate. Former comparable studies, own
pilot studies and measurements of in vitro recovery were the basis for selection of
suitable catheter and perfusion rate [paper |1, 78,83,118]. In our experiments
microdialysis catheters were placed in the intestinal wall and lumen, into the
peritoneal cavity, and into the subclavian artery for sampling of lactate, pyruvate,
glucose, and glycerol. Although relatively non-invasive, the insertion of a catheter
will cause damage to a small number of cells. Therefore we used an equilibration of >

75 min before baseline measurements.

High energy phosphates

During hypoxia the ATP synthesizing capacity of the mitochondria is inhibited and
ATP will be depleted. The ability of the mitochondria to re-synthesize ATP upon re-
oxygenation predicts the cellular viability [92] and has been used as a predictor of

recovery in many ischemia-reperfusion models [110,116,127,142,143,144]. The
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content of ATP, ADP, and AMP in the intestinal wall was measured by high
performance liquid chromatography (HPLC). Intestinal specimens (whole wall) were
immediately frozen in liquid nitrogen and thereafter freeze-dried. The specimens were
later homogenized and extracts were made prior to the analysis of contents of high
energy phosphates by the HPLC [121]. The HPLC technique is particularly sensitive

and has gained general acceptance in most analytical laboratories.

Myeloperoxidase

Myeloperoxidase is an enzyme found in neutrophils and, in much smaller quantities,
in monocytes and macrophages [88]. Myeloperoxidase activity has been shown to be
directly proportional to the number of neutrophils in the intestinal mucosa and
submucosa [72]. Intestinal tissue samples were after some preparation added a
detergent that releases myeloperoxidase from the primary granules of the neutrophil.
Myeloperoxidase activity was measured spectrophotometrically. The determination of
myeloperoxidase activity has been shown to be a reliable and simple biochemical

assay to quantitate neutrophil infiltration.

Microarray

DNA microarray can be used for gene expression studies [17,18,26]. The DNA
microarray is a collection of microscopic DNA spots attached to a solid surface, such
as glass, plastic or silicon forming an array for the purpose of detecting expression
levels for thousands of genes simultaneously. The affixed DNA segments (probes),
each representing a specific gene, are placed in known locations on a single
microarray. In the microarray system used here, extracted mRNA from the biological

sample is reverse transcribed to cDNA and labelled with a fluorescent reporter
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molecule. In this two-colour microarray system, two samples to be compared are
labelled with one fluorophore each and hybridized simultaneously to the microarray.
The same cDNA species from each of the two samples then competitively bind to
their probe on the array. After stringency washes, the array is scanned in a dual laser
system which in each of the thousands of spots induces emission from both
fluorophores if any cDNA has bound. The relative intensity of fluorescence between
the two determines how much of each specific mMRNA was present in the two original
samples. This advanced technique and the following analysis require a close
collaboration between specialized laboratory personnel and bioinformaticians. It is
important to remember that this method reveals mRNA abundance, and thus gives

only an indirect assessment of protein concentration.

Quantitative, real-time RT-PCR

The Reverse-transcription polymerase chain reaction (RT-PCR) amplifies specific
segments of mMRNA with an exponential kinetics and can reveal extremely small
amounts of specific mMRNA in a sample. Further technological development has
allowed quantitation of MRNA by a process called Quantitative real-time RT-PCR
(QRT-PCR).

PCR is based on the use of thermostable DNA polymerase to copy a DNA template in
repeated cycles of replication. In RT-PCR mRNA is first reverse-transcribed to cDNA
using an oligonucleotide primer and reverse transcriptase enzyme. Thereafter, a
thermostable DNA polymerase is guided to the cDNA by a set of oligonucleotide
primers that are complementary to the flanking regions of the sequence to be
amplified. The PCR reaction amplifies the DNA sequence in question through

repeated cycles of denaturation, annealing and polymerization [2].
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Quantitation of gene expression can be done using real-time RT-PCR [49]. All real-
time PCR systems rely upon the detection and quantitation of a fluorescent reporter,
in the present work SYBR Green, which releases a signal that increases in direct
proportion to the amount of PCR product in the reaction. Real-time PCR measures
accumulation of a product via the fluorophore during the exponential stages of the
PCR, and the exponential increase of the product is used to determine the threshold
cycle, Cr, i.e. the number of PCR cycles at which a significant exponential increase in
fluorescence is detected, and which is directly correlated with the number of copies of

DNA template present in the reaction.

Statistics

In paper | and Il parametric procedures were applied. The within subjects factor
(time) and the between group factor (ischemia) were evaluated by two-way analysis
of variance (ANOVA) for repeated measurements. Group comparison at specific time
points determined in advance was done with t-tests for independent samples.

Based on reviewers comments and subsequent discussions among the researchers, we
reconsidered the assumption of data as normally distributed with equal variance.
Because of the rather small sample sizes, nonparametric statistical methods, which
make fewer assumptions about the shape of the distribution, were suggested as
alternatives. In addition, the variance of our data was not constant for the sake of
comparison as required when using the ANOVA. We therefore slightly altered our
approach, and non-parametric procedures were employed throughout in paper I11 and
IV: Friedman’s test for two-way classification, Wilcoxons’ signed rank test for
pairwise comparisons, Kruskal-Wallis and Mann-Whitney’s rank sum test for

independent samples. A potential drawback of nonparametric procedures is that some
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power may be lost relative to using a parametric procedure if normality and constant
variance is indeed present.

Regarding the morphometric outcome (i.e. distribution of epithelial categories) in
papers I11 and IV, we chose to report the mean proportion cell categories. As no
readily available parametric procedure would yield confidence intervals, these were

obtained through non-parametric bootstrap [6].
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SUMMARY OF PAPERS

In Paper | we performed a detailed morphological analysis of the intestinal mucosa
after a clinically relevant period of aortic cross-clamping and compared the outcome
with changes in permeability and restoration of ATP. The thoracic aorta was cross-
clamped for 1 hour followed by reperfusion for 2 hours. Ischemia caused epithelial
shedding and denudation of the basement membrane at the intestinal villi tips. During
the reperfusion period the denuded area was gradually covered with low cuboidal and
squamous-shaped cells extending lamellipodia over the basal lamina i.e., restitution.
Restoration of ATP during reperfusion correlated inversely to the extent of denuded
basement membrane. Increased intestinal permeability during reperfusion was

correlated to the area of denuded basement membrane.

In Paper Il we wanted to evaluate microdialysis as a method to assess different
degrees of intestinal damage and recovery during ischemia and reperfusion. The
superior mesenteric artery was cross-clamped for 1 or 2 hours followed by 4 hours
reperfusion. Depletion of intestinal tissue ATP, permeability changes across the
mucosa, or lactate in the intestinal lumen, wall or peritoneal cavity did not mirror the
more extensive injury caused by 2 hours as compared to 1 hour of ischemia. In
contrast, glycerol as measured in the intestinal lumen, wall, and peritoneal cavity
showed a good correlation with structural injury caused by 1 or 2 hours of ischemia.
Also during the ensuing 4 hours recovery period glycerol in the gut lumen and wall,
but not in the peritoneal cavity, correlated fairly well with restitution of the surface

epithelium.
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In Paper 111 we wanted to evaluate the resistance of the postischemic restituted
intestinal mucosa to a further ischemic insult. The superior mesenteric artery was
cross-clamped for 1 hour, reperfused for 4 hours, cross-clamped once again for 1
hour, and finally reperfused for 3 hours. The first ischemic insult caused more
extensive damage of the intestinal mucosa than the identical second ischemic insult.
The increase of intestinal permeability after the first ischemic insult was completely
abolished after the second insult. ATP decreased more during the first than during the
second period of ischemia. We therefore concluded that the postischemic restituted
intestinal mucosa is more resistant to further ischemia than the normal mucosa.
Microarray and subsequent QRT-PCR analysis revealed increased gene expression for
proteins throughout the recovery period that are associated with protection against
ischemia/reperfusion injury, and proteins that may be involved in reassembly of tight
junctions and cell migration. Therefore, these data provide rational working
hypothesis for mechanisms behind the increased resistance of the postischemic

restituted mucosa.

In Paper 1V we wanted to find out whether microdialysis of lactate and glycerol
reflect mucosal injury and permeability changes after strangulation obstruction of the
small intestine. Strangulation obstruction was induced by gradually and partially or
totally tightening a rubber band around a small bowel loop and its mesentery until its
venous pressure was close to the diastolic aortic pressure (partial strangulation), or
further until complete cessation of arterial blood flow in the feeding artery (total
strangulation). Then a reperfusion period of 4 hours followed. Mucosal injury and

hyperpermeability of the mucosa correlated to the much more pronounced release of
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glycerol to the intestinal lumen seen after total- as compared to partial strangulation.
Microdialysis catheters placed into the intestinal lumen detected that lactate increased
to a similar plateau level after both partial and total strangulation. During the
reperfusion period lactate remained elevated after 2 hours partial and total
strangulation, but declined to baseline level after 1 hour partial strangulation. We
concluded that the microdialysis technique is particularly suited to assess structural

and functional changes of the mucosa after strangulation obstruction.

26



DISCUSSION

Intestinal ischemia caused injury that on the light microscopy level was confined to
the surface epithelium, predominantly at the villi tips. This was evident in all of the
experimental models used in the present thesis, and is in accordance with the classic
study by Chiu et al [28]. Aortic cross-clamping for 1 hour (paper I) produced
considerably less extensive injury than clamping of the superior mesenteric artery
(SMA) for a similar time period (paper Il and I11). A likely explanation for this
observation is that aortic cross-clamping did not cause complete ischemia of visceral
organs. The greatly reduced, but still present portal blood flow during aortic clamping
may support this view. In paper 1V was partial strangulation of the intestine for 1 hour
associated with a reduction of intestinal wall blood flow to only about 20 % of normal
level. Again, injury in terms of denuded basement membrane was greatly reduced as
compared to experiments with complete ischemia. One explanation for these
observations may be redistribution of blood flow towards the mucosal layer during
low flow states [43,54,82] as actually demonstrated in paper IV.

That aortic cross-clamping for 1 hour caused limited denudation of the basement
membrane of the intestinal villi tips may be one reason for the fact that this was the
only experimental model in which we were able to demonstrate increased mucosal
injury during the early reperfusion period. In paper Il and Il1 clamping of the SMA
probably produced too extensive injury to enable demonstration of additional injury,
and in paper 1V histologic assessment was performed only at 4 hours of reperfusion.
The view put forward here is consistent with the study by Park et al [105] who
showed that intestinal reperfusion injury in a rat model was only detectable if the

initial ischemic injury was not too small or too extensive. Another contributing factor
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for reperfusion injury in paper | may be that upon release of the aortic clamp there is
much more tissue subjected to reperfusion and probably a more pronounced burst of
reactive oxygen metabolites than in the other experimental models. In addition to
these considerations there are data showing that intestinal level of enzymes (i.e.
xanthine oxidase) instrumental for formation of reactive oxygen metabolites, is much
higher in rats than in juvenile pigs [11,32,73,106]. Of note in this context is that even
in the adult human intestine the level of xanthine dehydrogenase /xanthine oxidase is
only about 10 % of that found in the adult rat [11]. This may indicate that the pig
intestine is better suited than the rat intestine for evaluation of ischemia/reperfusion
injury relevant for human disease.

Taken together the findings and issues discussed above emphasize that there is a need
to evaluate the pathophysiological relevance of ischemia/reperfusion for human
disease both in animal species which are closer to humans, and in models that are
more relevant to that encountered in clinical practise.

That intestinal ischemia leads to increased permeability as a consequence of
disruption of the intestinal barrier is known for decades [45,55,56,57,107]. This was
confirmed in all of the present studies (I-1V). The severity and extent of injury of the
surface epithelium was reflected in the degree of hyperpermeability. Support for this
contention was obtained by the relationship between the extent of denuded basement
membrane and excretion of PEG-4000 in urine demonstrated in paper | (Fig 6), and
the fact that limited injury caused by partial strangulation in contrast to total
strangulation was associated with less permeability of the marker molecules both in
the lumen to blood direction and vice versa. This does not mean that increased
permeability in the present studies merely is a function of lost surface epithelial cells

and thereby denuded basement membrane. There are ample evidence to show that
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improper function of tight junctions between adjacent surface epithelial cells is of
fundamental importance for diffusion of marker molecules via the paracellular route,
particularly for probes of the size as that used in the present study [4,48,140]. It is
therefore conceivable that part of increased transport of marker molecules was due to
dysfunctioning intercellular junctions between cells that by light microscopy appeared
more or less normal. These considerations could account for the slower normalization
or decrease of permeability than covering of denuded basement membrane with
restituted epithelium noted in all studies in the present thesis. For example, 1 hour of
SMA clamping in paper Il was at 4 hours of reperfusion associated with about 90 %
covering with cuboidal cells but still a substantial hyperpermeability (lumen to blood)
at that time. In paper Il there was virtually complete covering with cuboidal cells and
a large portion of cylindrical epithelium at 6 hours of reperfusion and again
permeability (blood to lumen) was clearly higher than baseline. A similar observation
was made in animals with 2 hours partial strangulation at 4 hours of reperfusion in
paper 1V. All of these observations suggest that there are other factors than restitution
per se that in addition are responsible for normalization of barrier function, and a
major factor may indeed be formation of tight junctions between restituted cells or
repair of such bridges between cells still in situ. Strong support for this view was
recently obtained in Ussing chamber studies showing that restitution after acute injury
of the intestinal surface epithelium was ineffective for recovery of transepithelial
electrical resistance if paracellular closure was inhibited with indomethacin
[13,14,50].

An important issue in the present thesis was to identify substances or biomarkers that
may reflect tissue injury and which in addition can be measured and monitored in a

practical way clinically. Glycerol has been shown to be a marker of disrupted cell
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membranes in several tissues [38,87,98,109,139]. In accordance with other recent
observations [125,126,139] it was shown in paper Il that glycerol as measured with
the microdialysis technique both in the intestinal wall and lumen reflected fairly well
the time period of complete intestinal ischemia. However, a key observation, not
shown before, was the close correlation between the degree of surface epithelial
injury and release of glycerol to the intestinal lumen (paper 11 fig 6). In addition, that
study also indicated that release of glycerol to the intestinal lumen at least to some
extent can be used to assess restitution of the surface epithelium after ischemic
damage of the intestine. The reason for this contention is that glycerol in animals with
1 hour of intestinal ischemia decreased to a level not different from baseline at 4
hours of reperfusion corresponding to an almost complete covering of the villi tips
with cuboidal cells. In contrast, animals with 2 hours of intestinal ischemia showed
persistent elevation of glycerol at that time and a substantial portion of denuded
basement membrane (paper Il fig 2 and 5). In paper 1V it was shown that partial
strangulation of the small bowel causing relatively limited injury of the surface
epithelium was associated with only a small and short-lived elevation of glycerol.
Total strangulation, on the other hand, causing extensive injury, elicited a large
sustained elevation of glycerol throughout the 4 hours reperfusion period, and again
there was a considerable portion of non-restituted surface area at 4 hours after release
of total strangulation.

The findings referred to above suggest that release of glycerol to the intestinal lumen
is a sign of substantial injury of the mucosa. Whether or not a sustained elevation of
glycerol in the intestinal lumen after release of strangulation obstruction of the bowel
in a clinical setting translates into increased risk of perforation or other local or

general complications should be further investigated.
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Formation of lactate in the intestinal mucosa in response to ischemia and reperfusion
is another marker that could be measured and monitored in the intestinal lumen with
the microdialysis technique [111,125,126,134,135,136,139]. Unlike glycerol, lactate
increased rapidly to a plateau level that was similar in animals with 1 or 2 hours of
clamping of the SMA (paper 1) or total or partial strangulation with different duration
(paper 1V). In paper 1l the time pattern of lactate release to the intestinal lumen during
the reperfusion period was much alike that of lumen to blood permeability of PEG-
4000 (paper I, fig 1A and fig 2C). In paper 1V the release of lactate to the lumen was
sustained throughout the entire reperfusion period in animals with 2 hours partial and
total strangulation, whereas 1 hour of partial strangulation was associated with a
decline of lactate to baseline level at the end of the reperfusion period. Again
permeability changes showed a similar pattern as that of lactate. Apart from being a
marker of anaerobic metabolism in a dysfunctioning mucosa, the findings referred to
above may indicate that lactate also can be regarded as a marker of permeability
changes across the intestinal mucosa.

Taken together the observations and issues discussed above indicate that simultaneous
measurements of lactate and glycerol provide complementary information about the
state of the intestinal mucosa after ischemic injury.

A part of the ischemia/reperfusion pathophysiology of the intestine that has received
particular attention during the last decade is preconditioning [1,30,33,41,42,90,108,
123,133,141,150]. This adaptive response elicited by a few minutes of ischemia may
obviously have a potential to be used in order to improve outcome after intestinal
transplantation and perhaps also certain planned vascular procedures. Surprisingly,
though, we were not able to identify any study addressing the influence of a

prolonged period of initial intestinal ischemia on the outcome after a subsequent
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repeated ischemic insult a few hours later. Given the near complete restitution of the
surface epithelium detected at 4 hours after 1 hour of ischemia in paper Il, we used
this experimental model and inflicted a second 1 hour period of ischemia at that time.
The results in paper Il indicated less structural injury, no increase in intestinal
permeability, and less consumption of ATP. These findings are of interest particularly
in a clinical perspective because 1 hour of complete or near complete intestinal
ischemia is a time frame that is relevant for example during surgery involving (high)
clamping of the aorta, or before effective resuscitation after hypovolemic shock.

It was beyond the scope of that study to explore in depth the mechanisms that were
responsible for the enhanced resistance of the postischemic restituted mucosa.
However, the microarray and QRT-PCR techniques identifying and quantifying a
change in mMRNA expressions during the course of the experiments, illustrate the
power of these techniques in order to formulate rational working hypothesis. A major
challenge related to the microarray technique is handling of the extremely large
amount of data. After filtering of the data based upon the degree of up- or
downregulation by using standard criteria, there is at present no other practical
approach than to select genes for further analysis based upon for example time points
of particular interest in an experimental protocol, or whether the gene products are
known to influence the phenomenon under study. Among the differentially expressed
genes reported in paper 11, superoxide dismuthase 2 [51,52,86,108] and heat shock
proteins [25,27,46,70], are in particular likely candidates to be involved in the
mechanisms for the increased resistance of the postischemic restituted mucosa.
Another finding of interest is the upregulation of mMRNA for Connexin 43 because
accumulating and recent studies suggest that this protein plays an important role for

tight junctions and paracellular permeability [66,97].
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IMPLICATIONS

The knowledge about intestinal ischemia and reperfusion injury and repair is

extended. In particular we have shown that:

- Intestinal mucosal repair after aortic cross-clamping correlates to change in

intestinal permeability and restoration of ATP.

- Glycerol as measured by microdialysis reflects the extent and severity of intestinal

damage and the ensuing recovery after ischemia of the small intestine.

- The postischemic restituted intestinal mucosa is more resistant to further ischemia

than the normal mucosa.

- Microdialysis of lactate and glycerol is suitable for assessment of functional and

structural changes of the intestinal mucosa after strangulation obstruction.
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Erratum

Paper I: The morphometric analysis was carried out using a magnification of x
100 (i.e., with an ocular of x 10 and an objective of x 10).

Paper II: see erratum in Crit Care Med 2007;53:333

ERRATUM

In the article by Solligard and Juel et al., published in the October issue of Critical
Care Medicine, the numbers on the Y-axis of Figure 1B on page 2280 should
appear as follows:

12
10
.08
.06
.04
.02

0

The authors regret the errors
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Background. The mucosal surface epithelium is an
essential part of the functional intestinal barrier, but
its structural response to ischemia/reperfusion is only
partly characterized. The purpose of this study was to
provide a detailed morphological evaluation of intes-
tinal surface epithelium after aortic cross-clamping.

Material and methods. Pigs were subjected to tho-
racic aortic cross-clamping for 60 min and subsequent
reperfusion for 120 min. Tissue blood flow and high-
energy phosphates were measured with microspheres
and HPLC, respectively. Urinary excretion of *C poly-
ethylene glycol (MW 4000 Da) (PEG-4000), loaded into
an intestinal loop, provided an index of intestinal
permeability.

Results. Jejunal blood flow was restored at 10 min
after aortic declamping. Denudation of the basement
membrane of the intestinal villi tips, as a consequence
of epithelial shedding, increased markedly during the
initial 60 min of reperfusion (P = 0.002). During the
following 45 min, the denuded basement membrane
was partly covered with low cuboidal and squamous-
shaped cells extending lamellipodia over a wavy base-
ment membrane. Restoration of ATP at 60 min after
aortic declamping correlated inversely to the extent of
denuded basement membrane (r = 0.75, P = 0.032).
Permeability of PEG-4000 increased markedly after
aortic declamping and was linearly correlated to the
area of denuded basement membrane (r = 0.87, P =
0.01).

Conclusions. Reperfusion for 2 h after aortic cross-
clamping is associated with initial aggravation of
ischemia-induced injury in the porcine jejunum, but

' To whom correspondence and reprint requests should be ad-
dressed at Department of Surgery, St. Olav University Hospital,
N-7006 Trondheim, Norway. Fax +47 73 86 74 28. E-mail:
ingebjorg.juel@medisin.ntnu.no.
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thereafter with restitution of the surface epithelium.
Restoration of ATP may be important to avoid intesti-
nal injury after ischemia. Increased permeability of a
macromolecule in response to reperfusion is closely
correlated to injury of the surface epithelium. o 2004
Elsevier Inc. All rights reserved.

Key Words: intestinal ischemia; surface epithelium;
restitution; ATP; permeability; reperfusion injury;
aortic surgery; aortic cross-clamping.

INTRODUCTION

Open repair of aortic aneurysms, requiring aortic
cross-clamping, is associated with profound hemody-
namic changes [1]. These hemodynamic changes, nota-
ble both during and after aortic cross-clamping, may in
turn cause a variety of complications from nearly all
organ systems. Complications caused by ischemia and
altered microcirculation of the gastrointestinal tract
are a major threat to such patients [2]. The pathophys-
iology of this type of complications is often thought to
be related to reperfusion injury of the gut mucosa.
Although reperfusion injury has been well character-
ized in rodents and cats [3—6], it is noteworthy that its
relative importance appears to be less pronounced or
even lacking in other species (i.e., pigs) [7, 8]. One
reason for such discrepancies may be related to large
variations in xanthine oxidase activity in the intestinal
mucosa among various species, humans included [7, 8].

Almost all information related to reperfusion injury
of the gut has been obtained by studies examining
segments of the intestine after clamping of the superior
mesenteric artery or vessels close to the intestinal wall.
The advantage of such models includes reduced influ-
ence of systemic factors that by themselves may alter
the phenomenon under study. On the other hand, it is

0022-4804/04 $30.00
© 2004 Elsevier Inc. All rights reserved.
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also pertinent to assess such changes in models mim-
icking clinical situations. The purpose of the present
study was to perform a detailed morphological analysis
of the intestinal mucosa after a clinically relevant pe-
riod of aortic cross-clamping in a pig model. In partic-
ular the reperfusion period was of interest because
structural damage might be worsened or signs of repair
might be detected. Morphological data were correlated
to a marker of neutrophil granulocyte accumulation in
the intestinal wall, content of high-energy phosphates,
and a marker of intestinal permeability.

MATERIALS AND METHODS

The experimental protocol for this study was approved by the
Norwegian State Commission for Animal Experimentation.

Surgical Preparation

Fourteen juvenile male pigs (Norwegian Landrace/Yorkshire)
(1826 kg) were used. The pigs were kept on standard laboratory
chow and a 12:12-h light-dark cycle. The animals were deprived for
food, but not water, for 24 h before the experiment. Premedication
was given as an intramuscular injection of azaperone (400 mg)
(Stresnil; Janssen-Cilag, Vienna, Austria) and diazepam (10 mg)
(Stesolid; Dumex-Alpharma, Copenhagen, Denmark). Anesthesia
was induced with thiopental (175 mg) (Pentothal; Abbot Scandinavia
AB, Solna, Sweden), ketamine HCI (250 mg) (Ketalar; Parke-Davis,
Solna, Sweden), and atropin (1 mg) (Atropin; Nycomed Pharma AS,
Oslo, Norway) administered via an auricular vein. Anesthesia was
maintained with isoflurane (Isofluran; Rhodia, Bristol, UK) 1.0%
during surgery and 0.5% throughout the remaining part of the ex-
periment. Additional fentanyl (75 pg/kg/h) (Fentanyl, Alpharma AS,
Oslo, Norway) and midazolam (0.5 mg/kg/h) (Dormicum; Roche,
Basel, Switzerland) dissolved in Ringer-acetate solution (Fresnius
Kabi, Halden, Norway) was administered intravenously via a
Terumo infusion pump (Terufusion Syringe Pump, model STC-521,
Vindmed AS, Lysaker, Norway). The pigs were tracheotomized and
then ventilated with a Servo ventilator (Servo ventilator 900B,
Siemens-Elema, Sweden) at a rate of 20 breaths/min and 40% oxygen
in the inspiration air. The pigs were kept in a supine position
throughout the experiment, and a heating blanket maintained nor-
mothermia. A double-lumen catheter was introduced into the right
femoral vein for blood tests and infusions. The animals received
Ringer acetate, 10—15 ml/kg/h, throughout the experiment. A triple
lumen catheter (Certofix Trio SB 720, Braun Melsungen AG, Mel-
sungen, Germany) was introduced into the right subclavian artery
for monitoring arterial blood pressure and heart rate (Tram-rac
4A/Tram-scope 12C, Marquette Electronics, USA), sampling of arte-
rial blood gases (ABL 330, Radiometer, Copenhagen, Denmark), and
withdrawal of reference samples for tissue blood flow measurements
(see later). Another catheter (O.D. 1.3 mm Portex Intravenous Can-
nula, Portex Ltd., Hythe, Kent, UK) was inserted, via the right
carotid artery, into the left cardiac ventricle. A correct position of the
catheter was assured by obtaining a typical pressure trace with low
diastolic pressures. A left thoracotomy was performed and the de-
scending aorta was prepared for cross-clamping distal and close to
the left subclavian artery. A midline laparotomy was performed. A
Foley catheter (Bard Ltd., West Sussex, UK) was placed in the
urinary bladder, secured with a purse string suture, for monitoring
urine output and for urine samples. The portal vein was dissected
free and a Doppler ultrasound probe (I.D. 5 mm) was placed around
the vessel. About 100 cm distal to the ligament of Treitz, four sepa-
rated jejunal loops of about 20 cm were labeled and prepared with
loose ligatures at each end. The loops were removed during the
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experiment according to the protocol. A fifth loop of 30 cm was also
prepared and later filled with a probe for assessment of permeability
across the intestinal wall (see later). After completion of surgery,
both the thoracotomy and the laparotomy were closed with towel
clamps. The pigs were allowed to stabilize for 60 min before the start
of the experiment.

Blood Flow

Portal blood flow was measured with a precalibrated 5-mm ultra-
sonic transit-time flow probe positioned without constriction on the
portal vein and connected to a flow calculator with continuous online
display of flow (Transonic Systems Inc., Ithaca, NY, USA).

Tissue blood flow and cardiac output were determined by means of
the distribution of microspheres, 15.5 *+ 0.45 um in diameter, labeled
with three different colors (blue, yellow, or eosin) (Dye-Trak Micro-
spheres; Triton Technology, San Diego, CA, USA). Three measure-
ments were performed in each animal, with the color sequence ran-
domized. The spheres were suspended in saline (containing 0.05%
Tween 80 and Thimerosal), sonicated the same day as the experi-
ment, and mechanically shaken immediately before injection. Micro-
spheres (3 ml, about 9 mill spheres) were injected into the left cardiac
ventricle for a total of 30 s. A reference blood sample was drawn from
the right subclavian artery by a constant-rate pump (Cole-Parmer
Instrument Co., 74900 serial, IL, USA) set at 4 ml/min, starting 15 s
before sphere injection and terminating 75 s after its completion.
Collected blood samples were later weighed to determine the exact
extraction rate. After completion of the experiments, tissue samples
were taken from the jejunal wall, pancreas, kidneys, and stomach.
All tissue samples were weighed and 4 M KOH (Merck, Darmstadt,
Germany) were added to dissolve the tissue and release the micro-
spheres. After digestion for 2 days during shaking at 60°C, the
samples were filtrated through a 10-um filter (Mitex membrane
filter, Millipore, Bedford, MA, USA) using a vacuum pump (Ameda
Egnell-Universal, Switzerland). The filters were washed with 0.05%
Tween 80 (Merck), 70% ethanol, and distilled H,O, and left in open
Eppendorf tubes for 24 h to dry. Dimethylformamide (700 nl) (BDH
Laboratory Supplies, Poole, UK) was added to release the color from
the microspheres. The samples were then, with 10-min intervals,
twice vortex mixed for 30 s and centrifuged for 5 min at 6000 rpm.
Absorbency of dye was measured in a spectrophotometer (Hewlett—
Packard 8453, diode array spectrophotometer, Hewlett—Packard,
USA) and analyzed using computer software (HP 845x UV-Visible
Chemstation Systems, Hewlett—Packard). Tissue blood flow rate and
cardiac output was calculated as previously described [9, 10].

Myeloperoxidase Activity

Myeloperoxidase was assayed according to previously described
methods [11]. Briefly, tissue samples (100-500 mg) were frozen at
—85°C in 50 mM potassium phosphate buffer, pH 6.0. Following
thawing, the tissue samples were cut and dissolved in 0.5% hexade-
cyltrimethylammonium bromide in 50 mM potassium phosphate
buffer (5 ml) and frozen once more. The suspensions were then
centrifuged at 40,000g for 15 min. Myeloperoxidase activity in the
supernatant was measured spectrophotometrically: 0.1 ml of the
supernatant was mixed with 2.9 ml 50 mM phosphate buffer pH 6.0
containing 0.167 mg/ml o-dianisidine dihydrochloride and 0.0005%
hydrogen peroxide. A Shimadzu UV-visible spectrophotometer (Shi-
madzu Corp., Tokyo, Japan) measured the absorbance difference at
460 nm at 30 and 90 s. The results are expressed as units MP0O/100
mg tissue (wet weight). One unit MPO activity is defined as that
degrading 1 umol hydrogen peroxide per minute at 25°C.

High-Energy Phosphates

At different time points, tissue specimens from the jejunal loops
were immediately frozen in liquid nitrogen and thereafter freeze-
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dried. The specimens were later homogenized and extracts were
made prior to the analysis of contents of ATP, ADP, and AMP by a
standard high-performance liquid chromatography method as de-
scribed by Sellevold et al. [12].

Permeability

A jejunal loop of 30 cm, closed at each end with ligatures, was filled
with 100 ml “C polyethylene glycol 4000 (PEG-4000) (10.0 uCi
diluted with 0.9% NaCl to 100 ml, final volume) (Amersham Bio-
science, Buckinghamshire, UK). Samples containing *C PEG-4000
from the solution instilled in the intestinal loop, from venous blood,
and from urine were counted in a B-scintillation counter. The net
count rate in each sample was assumed to be proportional to the
concentration of “*C PEG-4000. Excretion of PEG-4000 in the urine
was used as an index for permeability of this probe across the
intestinal wall. Because radioactivity of the solution instilled into the
intestinal loop showed some variations between batches, the excre-
tion of “C PEG-4000 in the urine was expressed as a percent of the
amount PEG-4000 instilled into the intestinal loop [13].

Morphology

Specimens of the intestinal wall used for morphometric analysis of
the surface epithelium were fixed in 4% formaldehyde-buffered so-
lution. Specimens for quantitation of mast cells were fixed in Car-
noy’s solution for at least 12 h and thereafter in 80% alcohol. All
specimens were further processed and embedded in paraffin. Sec-
tions of 5 um were stained with Hematoxylin-Erythrosin-Safran for
morphometric analysis of the surface epithelium, and Astrablue-
Safranin O for quantitation of mast cells.

An investigator blinded to the experimental group and the time in
the experiment at which the biopsy had been taken examined the
slides used for light microscopical morphometric analysis of the
surface epithelium and mast cells. The morphometric analysis was
carried out using an eyepiece graticule and a magnification of X400
(i.e., with an ocular of X10 and an objective of X40).

Mast cells were counted in each slide in 10 microscopic fields in the
mucosa and 20 microscopic fields in the submucosa. Mast cells were
readily identified due to their blue cytoplasmatic granules.

The mucosal surface epithelium was subclassified into normal, in
situ damage, denuded basement membrane, or simple cuboidal cells
(see Results). In each slide 15 microscopic fields were examined, and
the subclasses were quantified as a percentage of the surface length
examined.

Villus height in five microscopic fields of well-oriented villi was
measured in each slide. Villus height was measured along a perpen-
dicular line drawn from the basement membrane at the villus tip to
the muscularis mucosa with the aid of the eyepiece graticule.

For electron microscopy, tissue samples from the intestine were
cut in 1-mm?® cubes and fixed for 12 h at 4°C in 2% glutaraldehyde in
0.1 M phosphate buffer and postfixed for 1 h in 2% OsO, in 0.1 M
phosphate buffer. After fixation, the cubes were rinsed with 0.1 M
phosphate buffer, dehydrated through graded ethanol, embedded in
Epon, and examined in a JEOL 100CX electron microscope after
contrasting with uranyl acetate and lead citrate.

Experimental Protocol

After stabilization for 60 min and thereafter a baseline period of 45
min, nine pigs had their thoracic aorta cross-clamped for 60 min.
Then the thoracic aorta was declamped and a reperfusion period of
120 min followed. One pig died immediately after declamping, leav-
ing eight animals for further analysis. Portal blood flow was contin-
uously measured and tissue blood flow was measured at baseline, 30
min after cross-clamping and 10 min after release of the clamp. “C
PEG-4000 was instilled into an intestinal loop at the start of the
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experiment for assessment of intestinal permeability. Intestinal
loops were removed at baseline, 50 min after cross-clamping, and at
60 and 105 min after release of the clamp to yield specimens for
morphological analysis, for measurements of high-energy phos-
phates, and myeloperoxidase. Five control animals were treated
according to the same protocol except for cross-clamping the thoracic
aorta.

Statistics

Statistical significance of differences was determined by using
independent sample ¢ tests or analysis of variance (ANOVA). If
ANOVA indicated a significant difference, results were further ana-
lyzed by using multiple-comparisons procedures (LSD). Linear cor-
relation and linear regression analysis were used for demonstrating
the relationship between the area of denuded basement membrane
and the excretion of polyethylene glycol in urine, and between the
degree of ATP repletion and the area of denuded basement mem-
brane. Values of P < 0.05 were considered significant. Data are
expressed as means = SEM.

RESULTS

Central Hemodynamics

Cross-clamping of the thoracic aorta caused an im-
mediate increase in mean arterial blood pressure
(MAP) of about 75% (P < 0.001) (Table 1). MAP re-
mained at this level throughout the 60-min clamping
period. After removal of the vascular clamp, MAP fell
to about 20% below baseline level for 5 min, but there-
after increased to and remained at a level similar to
baseline for the rest of the experiment. Heart rate also
responded to aortic cross-clamping with about 100%
increase (P < 0.001). Unlike MAP, heart rate remained
elevated after removal of the vascular clamp. Cardiac
output, as measured 30 min after aortic cross-
clamping, was found to be about 80% above baseline
level (P = 0.012). Cardiac output had returned to base-
line level at 10 min after removal of the vascular
clamp.

In control sham-operated pigs no change in MAP,
heart rate, or cardiac output was noted.

Portal and Regional Tissue Blood Flow

Cross-clamping of the thoracic aorta caused an im-
mediate and sustained fall of portal blood flow to about
7% of baseline level (Table 1). When the vascular clamp
was removed, the portal blood flow increased to and
stayed at a level approximately 50% above baseline
level for the remaining part of the experiment.

Tissue blood flow rates in the jejunal wall, stomach
mucosa, pancreas, and cortex of the kidneys as mea-
sured 15 min before cross-clamping, 30 min after
clamping, and 10 min after removal of the clamp are
shown in Table 2. The blood flow in jejunum, stomach
mucosa, and pancreas decreased after cross-clamping
to 10, 20, and 20% of baseline level, respectively. Jeju-
nal and stomach mucosal, but not pancreatic blood
flow, increased to baseline level after removal of the
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TABLE 1

Central Hemodynamic Variables and Portal Blood Flow in Pigs with Cross-Clamping
of the Thoracic Aorta

Cross-clamping

After release of the aortic clamp

Groups Baseline 15 min 30 min 5 min 10 min 60 min 120 min

Mean arterial pressure (mmHg)

Aortic cross-clamp 82 +3 135 = 7* 135 * 8* 62 + 3% 78 2 78 +1 84 + 2

Control 99 = 7 9 x5 100 = 6 108 £ 5 101 =6 97 +5 95+ 8
Heart rate (beats/min)

Aortic cross-clamp 69 =7 142 + 14* 147 + 13* 145 + 10* 136 = 15* 134 * 14%* 127 + 16*

Control 655 63 £5 68 =17 70 £ 8 70 + 8 71+ 10 84 = 13
Cardiac output (ml/min)

Aortic cross-clamp 3735 * 323 — 6790 + 1052* — 4974 = 818 — —

Control 2897 + 529 — 3734 + 426 — 2545 + 361 — —
Portal blood flow (ml/min)

Aortic cross-clamp 520 = 74 39 + 8% 38 + 5% 813 = 103* 982 + 121* 902 + 86* 725 *= 73*

Control 401 = 25 455 + 25% 396 = 53 464 + 37 454 + 54 435 = 39 442 + 36

Note. Mean values = SEM. The thoracic aorta was either cross-clamped for 60 min (n = 8), or exposed but not clamped (control) (n = 5).

*Significant difference from baseline.

clamp. No significant difference between right and left
renal blood flow could be detected. Both right and left
renal blood flow decreased to nearly zero after aortic
cross-clamping and increased, but did not reach base-
line level after declamping.

Morphology

Examination of the intestinal mucosa at 50 min after
aortic cross-clamping, or at 60 or 105 min after removal
of the aortic clamp, did not reveal any visible lesions.
Preliminary microscopic evaluation, however, showed
distinct changes almost exclusively confined to the sur-

face epithelium. Such changes could be labeled into
four categories (Fig. 1). The first category consisted of
the normal columnar epithelium. The second category
comprised a columnar epithelium with irregular shape
and basal vacuolization of the cytoplasm (Fig. 1B).
Such epithelium was often separated from the base-
ment membrane by a narrow space. This space was
predominantly at the tip of the villi, but could also
extend toward the crypts. This epithelium was in the
present study classified as in situ damage and corre-
sponds to grade 2 and 3 in the classification reported by
Chiu et al. [14]. The third category was actually not an

TABLE 2

Effect of Cross-Clamping of the Thoracic Aorta for 60 min on Tissue Blood Flow in Pigs

Groups Baseline Cross-clamp Release of the clamp

Jejunum

Aortic crossclamp 0.655 = 0.105 0.055 = 0.018* 0.809 = 0.135

Control 0.548 += 0.178 0.385 = 0.106 0.399 = 0.108
Stomach mucosa

Aortic crossclamp 0.262 *+ 0.028 0.053 = 0.021%* 0.306 = 0.042

Control 0.170 = 0.032 0.160 = 0.021 0.145 = 0.019
Pancreas

Aortic crossclamp 0.423 = 0.076 0.093 = 0.037* 0.235 = 0.041*

Control 0.173 = 0.028 0.190 = 0.043 0.229 + 0.059
Right kidney

Aortic crossclamp 2.228 *+ 0.329 0.012 = 0.007* 0.817 + 0.166*

Control 1.670 = 0.412 1.542 = 0.365 1.461 = 0.386
Left kidney

Aortic crossclamp 2.042 *+ 0.365 0.007 = 0.005%* 0.848 + 0.158*

Control 1.739 = 0.178 1.778 = 0.205 1.615 = 0.227

Note. Mean values + SEM in ml/min/g. Blood flow was determined 15 min before aortic cross-clamping (baseline), 30 min after aortic
crossclamping, and 10 min after release of the clamp (n = 8). In control experiments the thoracic aorta was exposed, but not clamped (n = 5).

*Significant difference from baseline.
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FIG. 1.

Micrographs of jejunum mucosa from pigs subjected to aortic cross-clamping for 60 min, thereafter declamping and reperfusion

for 120 min. (A) Section at the end of a 45-min baseline period. An intestinal villus with normal columnar epithelium is apparent. (B) A typical
villus after 50 min of aortic cross-clamping showing in situ damage of the surface epithelium. Note columnar epithelium with irregular shape
and basal vacuolization of the cytoplasm. (C) Typical villus at 60 min after aortic declamping. The surface epithelial cells have sloughed off
at the tip of the villus, leaving the basement membrane denuded. (D) Typical villus 105 min after aortic declamping. The cells on the surface

are cuboidal and irregularly arranged but form a complete lining.

epithelium, but on the contrary, denuded areas where
the surface epithelium had been sloughed off the base-
ment membrane (Fig. 1C). The denuded areas were
confined to the tip of the villi. This type of damage
corresponds to grade 4 in the Chiu classification.
Transmission electron microscopy confirmed the pres-
ence of an intact basal lamina at denuded villi tips. At

these sites flattened goblet cells with lammelipodia
were frequently found. These cells were usually seated
on an infolded basal lamina (Figs. 2 and 3). Grade 5 in
the Chiu classification (disintegration of the lamina
propria, hemorrhage, and ulcerations) was not de-
tected in the present study. The fourth category, not
described in the Chiu classification, comprised a mono-
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FIG.2. Transmission electron micrograph of the pig intestinal mucosal surface at 60 min after aortic declamping. The villus tip is covered
by a slender goblet cell lamellipodium (LP). A higher magnification demonstrates extensively infolded basal lamina (asterisk). Bar represents

5 pm.

layer of irregularly arranged cuboidal cells attached to
the basement membrane along the sides of and at the
tip of the villi (Fig. 1D). PAS staining revealed that
such cells contained abundant mucus. Electron micros-
copy showed that junctional complexes were frequently
present between cuboidal surface epithelial cells and

confirmed that the cuboidal cells contained numerous
mucus granula (Fig. 4). Included in the fourth category
was also a minority of flattened spindle-like cells partly
covering the denuded areas.

Figure 5 shows the distribution of the different catego-
ries of the surface epithelium detected by the blinded
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FIG. 3. Transmission electron micrograph of the pig intestinal mucosal surface at 60 min after aortic declamping showing a procession
of goblet cells with squamous shape covering a villus tip. Bar represent 5 um.

light microscopic examination. Intestinal specimens
removed before aortic cross-clamping (baseline) had
normal surface epithelium. At 50 min of the cross-
clamping period about 45% of the surface epithelium
showed in situ damage. The remaining part of the
surface epithelium was either normal or the basement
membrane was to a small extent denuded (~6%). At 60
min after removal of the aortic clamp, the basement
membrane appeared much more denuded (~45%) than
at 50 min of the cross-clamping (ischemic) period (P =
0.002). The percentage of normal epithelium was much
less at 60 min after removal of the clamp than at 50
min of the ischemic period (P = 0.007). This finding
most likely indicates that a considerable part of normal
surface epithelial cells, during the first phase of reper-
fusion, underwent changes causing such cells to fall
into the category with in situ damage at 60 min after
removal of the aortic clamp. At 105 min after removal
of the aortic clamp ~20% of the basement membrane
was covered with cuboidal cells in contrast to the only
negligible percentage of this cell type 45 min earlier (P
= 0.009). This finding was reflected in a reduction of
the percentage of denuded surface area in comparison
to that found 45 min earlier (P = 0.008). In control
animals no detectable changes of the surface epithe-
lium were noted throughout the experiment (data not
shown).

Measurement of the height of the intestinal villi
revealed a gradual reduction throughout the experi-
ment. The height of the villi at 105 min after removal
of the clamp was ~80% of baseline value (P = 0.008).

Because degranulation of mast cells has been impli-
cated in ischemia/reperfusion injury, the morphomet-
ric analysis also included counting of mast cells in the

intestinal wall. However, with regard to both mucosal
mast cells and submucosal connective tissue mast
cells, no significant change in density was detected
(Table 3).

Finally, because rapid infiltration of neutrophilic
granulocytes in the intestinal tissue after ischemia/
reperfusion is a prominent feature in some studies, the
tissue concentration of a marker of such cells, myelo-
peroxidase, was measured. As shown in Table 3, no
significant change in this enzyme was evident during
the course of the experiment.

Intestinal Permeability

In the control group “C count rate in venous blood
was throughout the entire experiment not different
from background rate in venous samples taken before
instillation of “C PEG-4000 into the intestinal loop.
Similar observations were noted during the baseline
period in animals subjected to aortic cross-clamping.
Also during the 60-min aortic cross-clamping period
with near zero intestinal blood flow, the increase in
venous count rate was low, and at the end of this
period, less than twice of background rate, indicating
that only negligible amounts of PEG-4000 had entered
the systemic circulation. After release of the aortic
clamp, the venous concentration of PEG-4000 in-
creased rapidly and had within 30 min reached a level
about five times higher than that measured at the end
of the clamping period. The venous concentrations of
PEG-4000 thereafter remained remarkably stable
within each animal for the remaining part of the ex-
periment (the coefficient of variation ranging from 2.5
to 22.3%, median 11.6%).



290

JOURNAL OF SURGICAL RESEARCH: VOL. 117, NO. 2, APRIL 2004

b
i

FIG. 4. Transmission electron micrograph of the pig intestinal mucosal surface at 105 min after aortic declamping. The micrograph
shows cuboidal surface epithelial cells. Desmosomes (d) were numerous between such cells (insert). Bar represents 2 um.

Urine output was rapidly restored to a level at least
equal to baseline at 60 min after aortic declamping in
each animal. The excretion of PEG-4000 in the urine
during the reperfusion period in such animals was 4.3
* 1.2% of that instilled into the intestinal loop, as
compared to 0.33 = 0.1% excreted in the urine during
the corresponding time period in control animals (P =
0.021). (Note: Due to a technical error, data were only
obtained from seven animals with aortic cross-
clamping.)

To assess whether intestinal permeability was re-
lated to intestinal damage, the average amount of de-
nuded basement membrane at 60 and 105 min of reper-
fusion was plotted against excretion of PEG-4000 in
urine. A close and highly significant correlation be-

tween these parameters was obtained (r = 0.87, P =
0.01) (Fig. 6).

High-Energy Phosphates

Intestinal ischemia caused by aortic cross-clamping
was as expected associated with a marked decrease in
intestinal ATP content (Table 4). After removal of the
clamp, at 60 min of reperfusion, the ATP level was
about 85% of baseline level (P = 0.029). ATP was
completely restored at 105 min of reperfusion. ADP
remained unchanged throughout the experiment. In
contrast, the AMP level was markedly elevated during
ischemia (P < 0.001) and then fell to baseline values
already at 60 min of reperfusion. One factor that might
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FIG. 5. Distribution of different categories of surface epithelium
of the intestinal mucosa in eight pigs having their thoracic aorta
cross-clamped for 60 min. The categories are normal columnar sur-
face epithelium, columnar epithelium with irregular shape labeled in
situ damage, denuded basement membrane, and irregularly ar-
ranged low cuboidal cells. Intestinal specimens were removed 10 min
before clamping (baseline), 50 min after clamping, and at 60 and 105
min after declamping. Values are means = SEM.

be decisive for the ability of the surface epithelium to
maintain or restore its integrity after an ischemic in-
sult could be the capacity to restore high-energy phos-
phates. To obtain more information about this possi-
bility, the difference between the intestinal content of
ATP at 60 min of reperfusion and at baseline was
plotted against percentage of denuded basement mem-
brane (judged by morphometry) at 60 min of reperfu-
sion. As shown in Fig. 7, there was a reasonably good
correlation between these parameters.
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DISCUSSION

The present study revealed that aortic cross-
clamping for 1 h produced a well-defined and reproduc-
ible damage of the intestinal mucosa, largely confined
to the surface epithelium. The damage was apparently
worse at 60 min after removal of the aortic clamp.
However, reperfusion of the vascular bed for an addi-
tional 45 min was not associated with further morpho-
logical damage. On the contrary, distinct signs of mu-
cosal repair were detected. About 20% of the villi
surface was at that time covered with a layer of cuboi-
dal cells, causing a reduction of the denuded surface
area.

Our morphological analysis indicated that a consid-
erable portion of the surface epithelial cells, which at
the end of the ischemia period showed features of dam-
age but still remained attached to the basement mem-
brane, had sloughed off during the first 60 min of
reperfusion. Furthermore, surface epithelial cells that
at the end of the ischemia period had a normal appear-
ance underwent changes fulfilling our criteria for in
situ damage during the first phase of reperfusion.
These data are consistent with the concept of reperfu-
sion injury of the intestine which has been a focus of
intense research interest during the last two decades
[15].

The mechanisms responsible for the increased mu-
cosal injury during the first phase of reperfusion in the
present experimental model are less clear. Reperfusion
injury is largely ascribed to the cytotoxic effect of re-
active oxygen metabolites, especially superoxide pro-
duced by xanthine oxidase [6, 16]. A primary and rich
source of xanthine oxidase is neutrophilic granulo-
cytes, which adhere to the endothelial surface of post-
capillary small venules during and after ischemia, and
subsequently emigrates into the tissues [17]. Mast cells
may also be involved in this cascade of events, becom-
ing activated and degranulated by superoxide during

TABLE 3

Myeloperoxidase and Mast Cells in Pigs with Cross-Clamping of the Thoracic Aorta

After release of the clamp

Cross-clamp

Groups n Baseline (50 min) 60 min 105 min

Myeloperoxidase (mU/g tissue)

Aortic crossclamp 8 86 + 34 130 *+ 49 121 = 35 110 * 26

Control 5 48 + 8 63 = 13 37+9 64 = 13
Mucosal mast cells

Aortic cross-clamp 7 6.0 = 0.9 43*+1.2 59+1.6 6.8+ 1.0

Control 4 8.7=*14 6.6 =21 8.9 + 2.0 8.5 + 1.3
Connective tissue mast cells

Aortic cross-clamp 7 2.8 0.7 2.8+ 1.0 2.4+ 0.7 2.3 *+0.5

Control 4 3.2=*09 1.5 +0.8 1.9+05 2.0 + 0.5

Note. Mean values = SEM. Units for mast cells are counts/square in a counting lattice. The thoracic aorta was either cross-clamped for 60

min, or exposed but not clamped (control).
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FIG. 6. Regression analysis of intestinal permeability as a func-
tion of intestinal surface epithelial injury in pigs after thoracic aortic
cross-clamping for 60 min. *C polyethylene glycol 4000 (PEG-4000)
was instilled into an intestinal loop before aortic cross-clamping.
Ordinate is the percentage of PEG-4000 excreted in urine during
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average amount of denuded basement membrane at 60 and 105 min
of the 120-min reperfusion period. r = 0.87, P = 0.01. y = 0.87x —
0.68. Dotted lines denote 95% confidence interval.

ischemia and reperfusion. By release of mediators, the
mast cells contribute to neutrophilic granulocyte re-
cruitment, endothelial adhesion, and emigration into
the tissue [18-20].

In the present study, myeloperoxidase, a marker of
tissue neutrophil granulocyte content, did not increase
in response to ischemia or reperfusion, indicating a
lack of notable neutrophil granulocyte infiltration in
the intestinal wall. Second, neither submucosal nor
mucosal mast cell density in the intestinal wall ap-
peared to be influenced during the experiment. Still we
show that 60 min of reperfusion after ischemia is as-
sociated with a substantial increase in mucosal injury.
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This observation is consistent with the view that xan-
thine oxidase could be released from resident neutro-
philic granulocytes and other sources in sufficient
amounts to cause mucosal damage also in the porcine
intestine. The lack of increased myeloperoxidase activ-
ity in the intestinal wall during a reperfusion period of
2 h after ischemia in the present experiments is in
contrast to studies in feline and rat models [17, 20], but
is in accordance with data obtained from a porcine
model [8]. In the latter study reperfusion after 1 h of
ischemia of the ileum was not associated with aggra-
vation of mucosal injury. This observation was as-
cribed to low levels of xanthine oxidase/xanthine dehy-
drogenase levels in the porcine small intestine; thus,
the importance of reperfusion injury for mucosal dam-
age after ischemia in the porcine intestine was ques-
tioned. The reasons for the discrepancy between the
study referred to and ours may be several. First, mu-
cosal damage produced by ischemia alone was appar-
ently less pronounced in our study, thereby rendering
aggravation during the reperfusion period easier to
detect. Second, in the cited study [8], ischemia was
produced by clamping vessels close to segments of the
intestinal wall, but no attempt was made to measure
blood flow during the course of the experiment. In our
study, we show that blood flow at the microcirculatory
level of the intestine, which is a key factor in reperfu-
sion injury caused by reactive oxygen metabolites, was
completely restored as early as 10 min after release of
the aortic clamp.

The energy metabolism during ischemia has been
widely studied particularly in the heart and has re-
vealed that the recovery rate of the reduced ATP dur-
ing reperfusion could be used as an indicator of tissue
damage and viability [21]. In this study ATP recovered
to 85% of the normal level within 60 min after removal
of the clamp. The repletion of ATP in our experiment
may appear remarkably fast in comparison to that

TABLE 4

High Energy Phosphates

Cross-clamp
(50 min) 60 min 105 min

Groups Baseline

After release of the clamp

ATP

Aortic cross-clamp
Control

ADP
Aortic cross-clamp
Control

AMP
Aortic cross-clamp
Control

13.250 = 0.851
16.120 = 0.271

2.488 = 0.185
2.320 = 0.120

0.875 = 0.465
0.220 = 0.020

3.500 + 0.591*
15.580 = 1.153

2.463 = 0.151
2.380 = 0.150

6.888 = 0.299*
0.280 = 0.058

10.725 = 0.965%*
14.780 = 0.500*

2.238 = 0.149
2.520 = 0.092

0.888 = 0.465
0.340 = 0.051

12.388 = 1.002
15.200 + 0.184*

2.263 = 0.113
2.340 = 0.098

0.888 = 0.491
0.280 = 0.058

Note. Mean value = SEM in pmol/mg dry weight. The thoracic aorta was either cross-clamped for 60 min (n = 8), or exposed but not

clamped (control) (n = 5).

*Significant difference from baseline.
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reported during reperfusion in several rat models after
clamping of the superior mesenteric artery [21-23]. In
those studies, in which the time frame of ischemia and
reperfusion were similar to our model, the reduction of
ATP during ischemia was about the same as in our
model. In contrast to our results, the repletion of ATP
as observed 30 to 120 min after reperfusion was only
about 50%.

Preservation of ATP or ability of the cells to restore
its ATP level is obviously important for preservation of
cell integrity and intestinal barrier function [24-26].
That ATP may play a key role in the ability of the
intestinal mucosa to withstand damage caused by
ischemia/reperfusion was also supported by the find-
ings in our study. A reasonably strong correlation was
found between the extent of mucosal damage and the
repletion of tissue ATP during the first phase of reper-
fusion (Fig. 7). One reason for the fast and complete
repletion of intestinal tissue ATP during reperfusion
could be related to the complete restoration of intesti-
nal blood flow in our study. In most studies on repletion
of ATP after intestinal ischemia, the data about tissue
blood flow are not reported. However, in a rat model
where the superior mesenteric artery had been oc-
cluded for 30 min, the recovery of ATP was much lower
than in our model and the intestinal tissue blood flow
was only about 50% of preocclusion level [21]. If such
discrepancies in restoration of microvascular perfusion
after intestinal ischemia reflect species differences, one
might speculate that one reason could be more pro-
nounced microvascular injury caused by reactive oxy-
gen metabolites in rats than in pigs. Whatever the
reason may be, our findings emphasize the importance
of comparison between different species, and the im-
portance of models mimicking clinical situations.
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Ischemia/reperfusion injury of the gut invariably
leads to loss of intestinal barrier functions. In our
study transport of polyethylene glycol with a molecular
weight of 4000 Da across the intestinal wall was used
as a marker of permeability. It mimics the size of
endotoxins and is known not to penetrate the intact
intestinal mucosal barrier. PEG-4000, detected both in
venous blood and in the urine, was substantially in-
creased after release of the aortic clamp, reflecting a
marked increased intestinal permeability. This is a
classical response to ischemia/reperfusion injury re-
peatedly described [27]. However, our study showed in
addition a highly significant and close correlation be-
tween the area of denuded basement membrane and
permeability (Fig. 6).

These data confirm and emphasize the importance of
the surface epithelium for maintenance of intestinal
barrier functions. Furthermore, they may be of partic-
ular relevance in view of other characteristics that
were present in our morphological analysis.

A prominent feature in the present study, almost
exclusively detected at the end of the experiment, was
that irregular cuboidal cells and a few flattened
spindle-like cells partly covered the previously de-
nuded villi tips. Additionally, villus height progres-
sively decreased during the reperfusion period. At the
light microscopic level these characteristics fulfill the
morphological criteria for surface epithelial restitution
[28]. Also our ultrastructural analysis showing surface
epithelial cells extending lamellipodia over a wavy
basal lamina and presence of junctional complexes be-
tween cuboidal cells is similar to that reported during
restitution after chemical injury of the gastric mucosa
[29]. Furthermore, the ultrastructural analysis also
showed that such cells contained numerous mucus
granula, confirming that they had their origin from
surface epithelial cells and not other cell types located
deeper in the mucosa.

Restitution is a process that may occur when dam-
aged surface epithelial cells are shed and the viable
epithelial cells that remain attached to the mucosa at
the margin of the wound become flattened and rapidly
migrate over the denuded basal lamina. The superficial
epithelium is reestablished when migrating cells touch
and form new junctions [30]. Contraction of the subep-
ithelial myofibroblasts is thought to be responsible for
the shortening of villi, leading to shrinking of the size
of the epithelial defect [31]. Restitution of gastrointes-
tinal surface epithelium as a phenomenon was origi-
nally described in the frog gastric mucosa more than 20
years ago [29]. Later it has been studied in a number of
species and along the entire gastrointestinal tract and
has been shown to start within minutes after injury of
the surface epithelium [32—-34]. Studies thus far have
mainly focused on requirements for, or factors that
may facilitate, this process [35], whereas knowledge
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about the significance of the early restituted cellular
lining in terms of its barrier function is sparse. It may,
however, be of interest in context of the present study
that the restituted surface epithelium of the feline
gastric mucosa conferred tolerance against injury
caused by luminal acid challenge and lowered blood
flow not different from that of the normal surface epi-
thelium [36].

Surprisingly little attention has been paid to resti-
tution of the surface epithelium in studies on ischemia/
reperfusion injury of the gut. Park and Haglund [37]
showed that the villi surface of the rat small intestine
was covered with a normal epithelium 6 h after 45 min
of warm ischemia. This event was not accompanied by
increased mitosis as judged by cellular incorporation of
thymidine, and they assumed that the repair process
had occurred by restitution. Recently, it was reported
that goblet cells might be of importance in restitution
of the surface epithelium after ischemia/reperfusion of
the small bowel in a rat model [38]. Blikslager et al.
noted a remarkably high degree of mucosal repair at
6 h after ischemia in the porcine ileum in vivo [8], and
they have also reported on recovery of electrical param-
eters in the porcine intestine after ischemia by in vitro
studies [39, 40]. Apart from the studies referred to
above, there is a paucity with regard to information
about restitution of the surface epithelium of the gut
after ischemia/reperfusion injury. However, these data
and the data from the present study showing a sub-
stantial amount of restituted surface epithelium less
than 2 h after intestinal ischemia suggest that this
phenomenon should be considered when evaluating
injury in ischemia/reperfusion models. They further
suggest that strategies for examination of, and influ-
ence on, this phenomenon may be important avenues
in future studies on recovery of the intestinal mucosa
after ischemia/reperfusion injury.
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ABSTRACT

Aim: Ischaemic preconditioning may protect the intestine against subsequent
prolonged ischaemia. This study evaluates whether a much longer initial ischaemia
time, encountered clinically, may modify the intestinal resistance to further ischaemia
in a pig model.

Methods: After cross-clamping of the superior mesenteric artery (SMA) for 1 hour,
the intestine was either reperfused for 8 hours, or a second cross-clamping for 1 hour
was performed at 4 hours of reperfusion. Based upon microarray analysis of intestinal
samples at 1, 4, and 8 hours of reperfusion, mMRNA of selected genes was measured
with QRT-PCR.

Results: The first ischaemic period caused exfoliation of surface epithelial cells from
the basement membrane comprising about 90 % of the villi tips, a marked increase of
permeability, and depletion of ATP. The second ischaemic challenge caused about 30
% less denudation of the basement membrane (p=0.008), no increase of permeability
(p=0.008), and less depletion of ATP (p = 0.039). mMRNA’s for superoxide dismuthase
2, heat shock proteins, and signal transducer and activator of transcription 3, which
may protect against ischaemia/reperfusion injury, were upregulated throughout the
reperfusion period. mMRNA’s for matrix metalloproteinase 1, connexin 43, and
peripheral myelin 22 which may be associated with cell migration or tight junctions
showed a particular upregulation at 4 hours of reperfusion.

Conclusion: One hour of initial ischaemia followed by 4 hours of reperfusion is
associated with increased intestinal resistance to further ischaemia. Differential
regulation of genes identified in this study provide working hypothesis for

mechanisms behind this observation.



Key Words: ATP, histology, intestine, ischaemia, microarray, permeability,

reperfusion



INTRODUCTION

Brief sublethal periods of ischaemia followed by reperfusion may render a tissue
relatively resistant to a subsequent prolonged period of ischaemia and reperfusion.
This phenomenon, termed ischaemic preconditioning (IPC), was first described in the
heart [1], and has later been shown to be present in a variety of tissues [2], including
the small intestine [3-9]. In the intestine IPC is produced either by short repeated
cycles of ischaemia/reperfusion or short single periods of ischaemia/reperfusion
yielding a few min of total ischemia time. Such studies provide basis for strategies
that may be used to improve survival or function of intestinal grafts, or protect the
intestine during planned vascular surgical procedures involving temporary intestinal
ischaemia. However, in hypovolaemic and septic shock states, during emergency
aortic surgery, and a variety of other clinical situations, the intestine may suffer total
or near total ischaemia periods which are several times longer than those used to
produce IPC. Furthermore, such patients are at risk for new episodes of intestinal
ischaemia after initial resuscitation or surgery.

Available studies do not reflect whether a relatively long period of intestinal
ischaemia affords protection against structural damage and dysfunction caused by a
subsequent ischaemic event or not. This is an important question not least in a clinical
perspective.

Restitution of the intestinal surface epithelium is one factor that must be taken into
consideration in this context. This term refers to the fact that after exfoliation of
intestinal surface epithelial cells caused by various forms of injury, ischaemia
included, the wounds at the villi tips are rapidly, within hours, sealed by migration of
viable cells that remain attached to the basement membrane at the margins of the

wound [10,11].



The objectives of the current study were 1) to evaluate the postischaemic restituted
intestinal mucosa in terms of its resistance to structural injury and barrier failure
caused by further ischaemia, and 2) to identify, on the mRNA level, changes in
expression of genes encoding for proteins that may modify the response of the

postischaemic mucosa to further ischaemia.



MATERIALS AND METHODS

The experimental protocol for this study was approved by the Norwegian State
Commission for Animal Experimentation.

Twenty male pigs (Norwegian Landrace/Yorkshire) (20-27 kg) were used. The pigs
were kept on standard laboratory chow and a 12:12-h light-dark cycle. The animals

were deprived of food, but not water, for 24 h before the experiment.

Surgical preparation

Anaesthesia was induced and maintained as previously described in detail [10,12].
The animals were tracheotomized and mechanically ventilated with 40 % oxygen at a
rate of 20 breaths/min. Catheters were inserted into the left cardiac ventricle via the
right carotid artery for injection of coloured microspheres, and into the abdominal
aorta via the right femoral artery for monitoring blood pressure, heart rate, arterial
blood gas sampling, and withdrawal of reference samples for tissue blood flow
measurements. Another double-lumen catheter was inserted into the inferior caval
vein via the right femoral vein for blood tests and infusions. The animals received
Ringer’s acetate 10-15 mL/kg/h, and a heating blanket and warm fluids were used to
maintain normothermia.

A midline laparotomy was performed and a catheter inserted into the urinary bladder.
An ultrasonic transit-time flow probe connected to a flow calculator (Transonic
Systems Inc., Ithaca, NY, USA) and a vessel loop were placed around the superior
mesenteric artery. After completion of surgery the pigs were allowed to stabilize for
60 min before start of the experiment, and at the end of the experiment the animals

were killed with an overdose of pentobarbital.



Experimental Protocol

After a baseline period of 45 min, the superior mesenteric artery (SMA) of 7 pigs was
cross-clamped for 1 h, then the artery was declamped and a reperfusion period for 8 h
followed (single early clamping). The same protocol was followed for a group of 9
pigs except that the SMA was cross-clamped once again for 1 h at 4 hours of
reperfusion (double clamping). A third group of 4 pigs (single late clamping) had
cross-clamping of the SMA at a time point corresponding to late clamping in the
double clamping group (Fig 1). Adjacent jejunal loops were removed at the following
time points in the double clamping group: At baseline, at the end of the first and
second cross-clamping, during reperfusion at 1 h and 4 h after the first declamping,
and 1 h and 3 h after the second declamping of the SMA.. Jejunal loops were removed
at corresponding time points in the two other groups. From these loops adjoining
specimens were taken for morphological analysis, analysis of high energy phosphates,
and myeloperoxidase, respectively. In 7 animals with single early clamp of the SMA
full-thickness samples of intestine were taken at baseline, 1, 4 and 8 h after
declamping, snap frozen and stored on liquid nitrogen for subsequent isolation of total

RNA.

Regional Blood Flow

Tissue samples for blood flow measurements were taken from the jejunum and the
renal cortex after termination of the experiment. A mucosa specimen of jejunum was
obtained by stripping off the muscularis/serosa. Tissue blood flow and cardiac output
were determined by means of the distribution of colour labelled microspheres at
baseline, 10 min after the first cross-clamping, and 10 min after the first and second

declamping [10].



Morphology

Morphology specimens of the intestinal wall used for morphometric analysis of the
surface epithelium were fixed in 4% formaldehyde-buffered solution, and further
processed and embedded in paraffin. Sections of 5 um were stained with
Hematoxylin-Erythrosin-Safran. An investigator, blinded to the experimental group
and the time in the experiment at which the biopsy had been taken, examined the
slides. The morphometric analysis was carried out using an eyepiece graticule and a
magnification of x100 (i.e., with an ocular of x10 and an objective x10). In each slide,
10 randomly chosen fields were examined. The epithelial cells within each
observation grid square (containing approximately 10 epithelial cells) were
categorized as mainly containing normal, in situ damage, denuded basement
membrane, or simple cuboidal cells as previously described in detail [10] (Figure 1).
A total of 100 grid squares were classified in each of the seven bowel segments, and

the epithelial subclasses were quantified as percentage of the surface length examined.

Myeloperoxidase Activity
The tissue activity of a marker of neutrophilic granulocytes, myeloperoxidase, was

assayed according to the method described by Krawisz et al [13].

Permeability

Intestinal plasma-to-lumen permeability was assessed by measuring the clearance of
fluorescein isothiocyanate dextran (FD-4) (Sigma Chemical, St.Louis, MO). A jejunal
loop of 20 cm was occluded at each end with ligatures and cannulated at its proximal
and distal ends with the line of an infusion set and a Foley catheter, respectively. The

exit sites were secured with watertight purse-string sutures. The loop was flushed with



500 mL of Ringer acetate warmed to 39°C and then continuously perfused with 39°C
Ringer acetate at 60 mL/h. A solution of FD-4 in Ringer acetate was prepared fresh
each day at a concentration of 15 mg/mL. A suitable plasma concentration of FD-4
was maintained by infusing a loading dose (10 mg/kg) in an auricular vein over 5 min
followed by a continuous infusion (5 mg/kg/h) for the rest of the experiment.
Beginning at 60 min before cross-clamping of the SMA, 0.5 mL of arterial blood was
sampled every 30 min throughout the experiment. Fluorescence of FD-4 in plasma
and intestinal perfusate was measured with a fluorescence spectrophotometer

(Fluoroskan I1, Labsystem). Flux and clearance of FD-4 were finally calculated [14].

High Energy Phosphates

At different time points, tissue specimens from the small intestine were immediately
frozen in liquid nitrogen and thereafter freeze-dried. The specimens were later
homogenized and extracts were made prior to the analysis of contents of ATP, ADP,
and AMP by a standard high-performance liquid chromatography method as

described by Sellevold et al. [15].

RNA extraction

Frozen tissue was homogenized using an Ultra-Turrax rotating knife homogenizer,
total RNA extracted using Rneasy midi kit (Qiagen Inc., Valencia, CA, USA), and
RNA quality evaluated by Bioanalyzer (Agilent Inc. Palo Alto, CA) and NanoDrop
(NanoDrop® Technologies Inc. Wilmington, De). High quality RNA (RIN value >7,
A260/A280 and A260/A230 ratios ~2) was used for microarray and real time PCR.

High quality RNA was obtained for 6 of 7 animals.
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Microarray analysis

Two individual samples from each time point (1, 4 and 8 hour reperfusion) were
hybridized against RNA from intestinal samples taken immediately prior to
ischaemia. Dye-swap hybridizations were done for each time point.

Oligonucleotide (Operon Biotechnologies, Cologne, Germany) spotted arrays
representing 11,300 tentatively identified porcine genes from The Microarray Core
Facility, Texas A&M University. From each sample, 5 pg total RNA was reverse
transcribed and labelled with Cy3 or Cy5 attached dendrimers, using the Genisphere
3DNA kit and the manufacturer's two-step protocol (Genisphere, Montvale, NJ,
USA). Hybridization was performed on a Tecan HS4800 hybridization station with
agitation at 38°C for 15 and 3 hours respectively, and washing at 38°C with 2X SSC
and 0.2% SDS (4 min), at 38°C with 2X SSC (4 min), and at room temperature with
0.2X SSC (30 sec). Arrays were scanned with fixed laser power (100%) and PMT
gain balancing Cy3 and Cy5 intensities, and images analyzed using GenePix 2.0
(Axon Instruments, Union City, CA, USA).

Raw data were pre-processed by automatic removal of weak spots and intensity based
normalization (lowess). The expression of a given gene was identified as up- or
downregulated if both arrays from each time point showed a log 2 ratio of + 0.5
(indicating an approximately 50% up- or down regulation) in the same direction. The
number of biological samples analyzed with microarray at each time-point did not
allow traditional significance or clustering analysis. Rather, the microarray results
served to generate hypotheses on the molecular mechanisms behind the observed
ischemic preconditioning. These hypotheses were combined with biological
background knowledge to select genes for quantitative real-time RT-PCR in a larger

number of samples as described elsewhere. Microarray data were prepared according
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to the “minimum information about microarray experiment” recommendations

(MIAME), and deposited in ArrayExpress (www.ebi.ac.uk/arrayexpress/), with these

accession numbers; A-MEXP-648 (platform) and E-TABM-978 (experiment).

Quantitative Real Time PCR (QRT-PCR)

PCR primers were designed from TC sequences of the DFCI Sus scrofa Gene Index
(http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=pig), the same source
used by Operon to design the microarray oligos. Optimization of reaction conditions
for each primer pair was done on the SmartCycler System (Cepheid, Sunnyvale,
USA) using the iScript cDNA Synthesis Kit and iQ SYBR Green Supermix (Bio-Rad
Laboratories, Hercules, CA). Reverse transcription was done in 40 pL reactions (2 pg
total RNA, 1,8 pL iScript Reverse Transcriptase, 7,1 pL 5x iScript Reaction Mix and
nuclease-free water up to a total volume of 40 pL), and after cDNA synthesis the
samples were diluted 1:2 with nuclease-free water.

QRT-PCR was performed on a Mx3000P Real-Time PCR System (Stratagene, La
Jolla, CA\), with per reaction iQ SYBR Green Supermix (12.5 uL), sense primer (2.5
uL, 4uM), antisense primer (2.5 uL, 4 uM), sterile water (5.5 uL) and cDNA
template (2 uL). Temperature cycling was once for 2 min at 95°C (activation), then 40
reaction cycles of 20 sec at 95°C, 30 sec at optimized annealing temperature, 40 sec at
72°C and finally 5 min at 72°C (elongation) and melting point determination. Each
QRT-PCR run contained 21 samples in duplicates for the target gene, and each
sample was normalized to the reference gene B-actin. Quantification in Real-Time

PCR was done using the delta-delta method [16], all relative ratios were converted to


http://www.ebi.ac.uk/arrayexpress/
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Log, ratios before comparison to microarray results. All PCR products were verified

by sequencing using standard methods.

Statistics

Continuous variables are presented as mean = 1 SD for descriptive purposes, and as
mean with standard error of the mean (SEM) when group differences are of primary
interest. Non-parametric procedures with exact implementation in case of ties were
employed throughout; i.e. Friedmans test for two-way classification, Wilcoxons’
signed rank test for pairwise comparisons, and Kruskal-Wallis’ and Mann-Whitney’s
rank sum test for comparison of independent samples. Morphometric outcome is
reported as the mean proportion of epithelium cell categories, with 95 % confidence
interval obtained through non-parametric bootstrap using the boot package of the
software R [17], which also was used for the exact tests. For the purpose of
comparison, the amount of damaged cells was combined, i.e. denuded basement
membrane and in situ damage versus normal and cuboid epithelium. SPSS® version
12 (SPSS Inc., Chicago, IL) was used in the remainder of analyses. The comparisons
were planned in advance and limited in number, thus no correction for multiple
testing was applied. Reported p values are two-sided, values less than 0.050 are

considered to indicate statistical significance.
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RESULTS

Central Haemodynamics

Mean arterial blood pressure was 67 + 10 mmHg at baseline. Cross-clamping of the
superior mesenteric artery (SMA) caused about 15 % increase in blood pressure
(p<0.001). After removal of the clamp, mean arterial blood pressure immediately fell
to baseline level, and remained so until the artery was cross-clamped again. Heart rate
was 74 + 13 beats/min at baseline, increased to 104 + 34 beats/min during clamping
(p<0.001 to p=0.041 for all groups), and returned towards baseline during reperfusion.
Blood flow of the SMA was 543 + 141 mL/min at baseline, decreased to zero during
cross-clamping and reached baseline within 15 min after declamping. SMA blood
flow thereafter increased about 30 % above baseline (p=0.001), lasting for 60 min

before it returned to baseline.

Cardiac Output and Regional Tissue Blood Flow

Cardiac output did not change significantly during the experiment (Table 1). Cross-
clamping of the SMA caused jejunal mucosal blood flow to fall close to zero. After
the first declamping, jejunal mucosal blood flow returned to baseline level, whereas
after the second declamping flow was modestly increased compared to baseline (p=
0.027). Renal blood flow decreased about 20 % during clamping (p = 0.011), but
thereafter returned rapidly to baseline, and no difference between the two kidneys was

detected.
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Morphology

Macroscopic examination of the intestinal mucosa did not reveal visible lesions at any
time throughout the experiment. Microscopic examination, however, showed distinct
changes confined to the surface epithelium (Fig 2).

Figure 3 shows the distribution of the different categories of the surface epithelium.
Intestinal specimens removed before cross-clamping of the SMA had normal surface
epithelium. After the basal period, cross-clamping of the SMA for 1 h showed that 90
% (95 % CI: 64-98 %) of the surface area had denuded basement membrane at the
villi tips (Fig 3). During the following reperfusion period such denuded areas were
gradually covered with cuboidal cells. At 4 hours after removal of the arterial clamp
about 80 % of the villi tips were covered with cuboidal cells. Cross-clamping of the
SMA for 1 hour once more was associated with 63 % (95 % CI: 42-79 %) denudation
of the basement membrane and 10 % (95 % ClI: 1-26 %) in situ damage (Fig 3B). This
area of mucosal damage (denuded basement membrane and in situ damage) was
clearly less both compared to the extent of damage found after the first cross-
clamping in the same experimental groups (p = 0.008), and compared to animals with
single late cross-clamping showing 80 % (95 % CI: 22-99 %) denudation of the
basement membrane and 18 % (95 % CI: 0-53 %) in situ damage at the corresponding
time point (p = 0.035)(Fig 3C). As shown in fig 3A animals with single early
clamping of the SMA showed already at 5 hours after declamping almost complete
covering of the basement membrane with cuboidal cells, and at 6 and 8 hours about

40 % of the cells had a normal cylindrical shape.
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Myeloperoxidase
No significant change in activity of this enzyme was evident during the course of the

experiments.

Intestinal Permeability

Using fluorescein isothiocyanate dextran (FD-4) as marker of plasma-to-lumen
permeability revealed that cross-clamping of the SMA caused a marked increase of
the FD-4 —clearance during the reperfusion period (Fig 4), peaking about 2 hours after
removal of the arterial clamp. Then the clearance gradually decreased to a level not
different from baseline at the end of the experiment. Interestingly, cross-clamping of
the SMA for a second time was without effect on FD-4 clearance. Animals with single
late clamping of the SMA showed a similar increase in FD-4 clearance as observed in

early clamping.

High Energy Phosphates

Intestinal ischaemia caused by cross-clamping of the superior mesenteric artery was
associated with a marked decrease in intestinal ATP content and increase in AMP.
ADP remained unchanged (Table 2). After removal of the clamp, at 1 h of
reperfusion, the ATP level was about 87 % of baseline level (p = 0.008). ATP was
completely restored at 4 h of reperfusion. During the second cross-clamping period
ATP decreased and AMP increased again, but to levels that were significantly higher
than after the first ischaemic insult for ATP (p = 0.039), and lower for AMP (p =

0.027).
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Microarray

Using the data filtering approaches described previously, the microarray analysis
identified 184 (101 upregulated, 83 downregulated), 393 (139 upregulated, 254
downregulated) and 280 (130 upregulated, 150 downregulated) differentially
expressed genes after 1, 4 and 8 h reperfusion, respectively. Genes were considered
particularly interesting if they were regulated similarly at all reperfusion time points
or alternatively at both 1 and 4, or both 4 and 8 h reperfusion. From these genes a
selection for further analysis was done based upon whether the gene products are
known to influence reperfusion injury or intercellular junctions. Using this approach
12 genes were subjected to QRT-PCR, and for this analysis RNA from all available
samples at all time points was used (Table 3). A complete list of the microarray data is

available in a supplementary table published at www.ebi.ac.uk/arrayexpress/.
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DISCUSSION

The present study revealed that; 1) the intestinal mucosa subjected to complete
ischaemia for 1 hour, and then allowed to restitute for 4 hours, exhibited a resistance
to structural damage caused by further ischaemia that was better than that of the
normal mucosa; 2) the restituted mucosa was much more resistant to increased
permeability caused by further ischaemia than the normal mucosa; 3) the drop in
intestinal ATP content in response to ischemia was less pronounced in the restituted
mucosa. Finally, microarray- and QRT-PCR analysis showed differential expression
of a number of genes encoding for proteins in the intestinal wall that may be involved
in, or explain these observations.

In contrast to many other ischaemia/reperfusion models [18-21], the current study did
not reveal any sign of worsened damage of the intestinal surface epithelium or other
types of damage (i.e. ulcerations) throughout the reperfusion period. This finding fits
with a recent study with this experimental model [12] and with another porcine model
[22]. In the latter study it was ascribed to much lower levels of xanthine
dehyrogenase/xanthine oxidase in the small intestine of pigs than that found in other
animal species (i.e. rats) commonly used in ischaemia/reperfusion studies. The present
study points to another possibility, because among the differentially expressed genes
superoxide dismuthase (SOD2) was upregulated at all time points throughout the
reperfusion period. By its ability to scavenge superoxide, this enzyme is of
fundamental importance for protection of tissues against reactive oxygen species [19].
This is consistent with unchanged level of mMRNA for vascular adhesion molecule 1
(VCAM-1), lack of increased myeloperoxidase activity, and complete restoration of

intestinal mucosal blood flow after declamping of the superior mesenteric artery. In
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other models the “no reflow phenomenon” (i.e. inhibition of full return of nutritive
perfusion after ischaemia), and increased emigration of neutrophils from the
postcapillary venules caused by reactive oxygen species are prominent features [21].
In the present experiments it is possible that properties of the restituted cuboidal
surface epithelial cells itself could account for part of the protection after the second
ischaemic insult because such cells are to a large part recruited from the proliferative
zone at the villi necks, and therefore are younger, less differentiated, and probably
more resistant to ischaemia than mature normal surface epithelial cells [23].
Hyperpermeability, as judged by clearance of FD-4, was after the second ischaemic
insult more reduced than structural injury as judged by microscopy. There are at least
two conceivable and likely explanations for this apparent discrepancy. First, the
barrier impeding permeation of this marker molecule consists not only of the
intestinal surface epithelium, but also of the endothelium and interstitial tissue.
Second, it is likely that function of tight junctions between endothelial cells and
between surface epithelial cells still in situ along the sides of and at the bottom of the
villi crypts quantitatively is the most important determinant for permeability of the
marker molecule from blood to lumen in the present experimental model. Although it
may not be without exceptions [24], there are substantial evidence showing that a
hydrophilic marker such as FD-4 to a large part is transported via the paracellular
route which again is regulated by tight junctions [25-27].

The upregulation of mMRNA levels for heat shock proteins 70 and 90 before the second
ischaemic insult is of considerable interest. There is good evidence to support a
pivotal role of particularly HSP70 and 72 for protection against ischaemia/repefusion

injury for example in the heart [28], kidney [29], and the small intestine [30,31].
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The signal transducer and activator of transcription 3 (STAT 3) proteins exert
protective effect against reperfusion injury in the heart [32], and recently strong
evidence suggests that they are crucial for both ischaemic and pharmacological
preconditioning in this tissue [33]. In the liver, STAT 3 activation by interleukin 6 is
probably essential for potentiation of protective pathways during
ischaemia/reperfusion [34]. In the intestine there is only one study showing
upregulation of this protein in response to ischaemia/reperfusion [35], but its eventual
protective role in this tissue remains unknown.

In view of the strongly attenuated permeability during the second reperfusion period
in the present experiments it is intriguing to note that the mRNA level of connexin 43,
the essential protein of gap junctions, was robustly upregulated immediately before
this time period. Stimulation of connexin 43 after ischaemia/reperfusion injury has
been shown to attenuate permeability increase in the gastric mucosa [36], and recently
evidence was provided that connexin 43 is closely associated with tight junction
proteins of endothelial cells in the porcine brain and lung, and also influenced
paracellular flux of permeability markers in such tissues [37]. Another protein with
functions related to tight junctions is peripheral myelin protein 22 (PMP-22) for
which the mRNA level was upregulated similarly to that of connexin 43. Aside from
the peripheral nervous system this protein shows a particularly high expression in the
gastrointestinal tract and good evidence suggests it is a component of intercellular
junctions in gastrointestinal epithelium [38]. It is also noteworthy that PMP-22 shares
homology with claudins which are the essential proteins in tight junctions that play a
major role in controlling paracellular solute movement across epithelia [27].

Matrix metalloproteinases (MMPSs) play an important role in wound repair for

example by removal of devitalized tissue and remodelling of connective tissue [39].
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MMP-1 has been shown to be essential for epithelial migration in skin wounds [40],
and recently it was shown that MMP-1 is expressed in epithelial cells migrating across
superficial wounds of the intestinal mucosa [41]. These data are noteworthy in the
context of the present study because restitution of surface epithelial cells (i.e. cell
migration) occurred simultaneously with an upregulation of the mRNA levels of
MMP-1 and its endogenous inhibitor tissue inhibitor of matrix metalloproteinase 1
(TIMP-1).

The activator protein 1 (AP-1) transcription factor is known to be activated early by
ischaemia/reperfusion and to induce proinflammatory gene expression in most tissues
including the intestine [42,43]. The strong and early upregulation of c-jun and JunD
MRNA, which are part of the AP-1 complex, is consistent with these observations.
Furthermore, of all the effects of c-jun and JunD, it is should be noted that strong
evidence suggests that these proteins are essential for regulation of MMP-1 and
TIMP-1 [44-46].

Downregulation of MRNA for Aldolase B may reflect an adaptive response in the
present experiments, because this enzyme catalyze the cleavage of fructose-1,6-
biphosphate. Good evidence suggest that this high energy glycolytic intermediate is
particularly effective in prevention of ischemia/reperfusion injury [47-49], and may be
involved in intestinal preconditioning [50].

A limitation of the present study is that changes on the protein level induced by the
differentially expressed genes were not measured. However, it has been shown that
for example heat shock protein 70 exhibits a time pattern and expression of proteins
that correlate well with mMRNA in ischaemia/reperfusion models [31,51,52]. For most

of the other differentially regulated genes in the current study this type of information
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is not available, at least not in experimental models relevant for the present one, and
such studies are warranted.

Nevertheless, the present study is to our knowledge the first to show that an initial
period of intestinal ischaemia relevant for many clinical situations can confer
protection against a subsequent ischaemic event. Microarray and subsequent QRT-
PCR analysis identified changes in the expression of genes encoding for proteins that
in some cases have been shown to possess protective properties against
ischaemia/reperfusion injury of both the intestine and other tissues. However, several
of the proteins have only scarcely, if ever, been reported to be associated with such
protection of the intestine. These genes and the time pattern of their regulation may
provide working hypotheses that should be tested in order to elucidate mechanisms
for the enhanced resistance of postischaemic intestinal mucosa to further ischaemia

reported in the present study.
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FIGURE LEGENDS

Figure 1
Experimental design. Clamp means clamping of the superior mesenteric artery for 1

hour.

Figure 2

Micrographs of jejunum mucosa from pigs subjected to cross-clamping of the superior
mesenteric artery for 1 hour, thereafter declamping and reperfusion for 4 hours. (A)
Section at the end of a 45-min baseline period. An intestinal villus with normal
columnar epithelium is apparent. (B) A typical villus after 1 h of arterial cross-
clamping showing in situ damage of the surface epithelium. Note columnar
epithelium with irregular shape and basal vacuolization of the cytoplasm. (C) Typical
villus 1 h after declamping. The surface epithelial cells have sloughed off at the tip of
the villus, leaving the basement membrane denuded. (D) Typical villus 4 hours after
declamping. The cells on the surface are cuboidal and irregularly arranged but form a
complete lining, representing restitution of the surface epithelium. The micrographs

have equal magnification. Bar represents 100 um.

Figure 3

Distribution of different categories of surface epithelium of the intestinal mucosa in
pigs having the superior mesenteric artery cross-clamped for 1 h, then reperfused for 8
h (Single early clamping, n=7) (A). Double clamping (n=9) (B) means cross-clamping
for 1 h, then reperfusion for 4 h, cross-clamping for 1 h once more, and finally

reperfusion for 3 h. Single late clamping (n=4) (C) means cross-clamping for 1 h
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corresponding to the 2™ cross-clamping in the double-clamping group, and then
reperfusion for the remaining 3 h. The categories are normal columnar surface
epithelium, columnar epithelium with irregular shape labelled in situ damage,
denuded basement membrane, and irregularly arranged low cuboidal cells.

Intestinal specimens were in the double clamping group removed at baseline, at the
end of the first cross-clamping period, during the first reperfusion at 1 and 4 h after
release of the clamp, at the end of the second cross-clamping period, and during the
second reperfusion at 1 and 3 h after the release of the clamp. In the two other groups

intestinal specimens were removed at time points corresponding to double clamping.

Figure 4

FD-4 clearance from blood to the intestinal lumen in pigs with single early clamping
(n=7), double clamping (n=8), and single late clamping (n=4) of the SMA. Values are
mean + SEM.

Note: Due to a technical error, data were not obtained from one animal in the double

clamping group. CL = clamping. DC = declamping.
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Table 1. Cardiac output and effect of double or single cross-clamping of the superior

mesenteric artery for 60 min on intestinal mucosal blood flow in pigs.

Groups Baseline 1. Cross-clamp 1. Reperfusion 2. Reperfusion

10 min 10 min 10 min

Cardiac output

Single early 6.0+1.7 53%+13 5.7%+18 6.1+1.6
clamping

Double clamping 7.1+21 5.7+24 6.3+19 6.7+3.8
Single late clamping 70+1.1 6.9+29 6.9+238 82+20

Jejunum, mucosa

Single early 0.391 £0.087 0.031 +0.034* 0.480£0.232 0.497 £ 0.256
clamping

Double clamping 0.471+0.247 0.016 £+0.017* 0.597 +0.343 0.720+0.282*

Single late clamping  0.874 + 0.534 0.524 +0.192 0.561 +0.142 0.931 +0.229

Mean values + SD for cardiac output (L/min) and jejunum mucosa (mL/min/g). The superior mesenteric artery
was cross-clamped for 60 min, then reperfused for 240 min, cross-clamped for 60 min once more, and finally
reperfused for 180 min (Double clamping, n=9). Single early clamping (n=7) means cross-clamping for 60 min
and reperfusion for the remaining part of the experiment. Single late clamping (n=4) means cross-clamping for
60 min corresponding to the 2™ cross-clamping in the double clamping group, and then reperfusion for the

remaining 180 min. * denotes significant difference from baseline.
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ABSTRACT

Background: The present study evaluates whether microdialysis of glycerol and
lactate reflects mucosal injury and permeability changes after strangulation
obstruction of the pig small intestine. Methods: Strangulation obstruction was
induced by tightening a rubber band around a small bowel loop until its venous
pressure increased to a level just below diastolic aortic pressure (partial strangulation),
or further until cessation of flow in the main feeding artery (total strangulation).
Mucosal injury and permeability of marker molecules from blood to lumen and vice
versa was compared to release of glycerol and lactate to the intestinal lumen. Results:
Mucosal injury, hyperpermeability, and release of glycerol were more pronounced
after total than after partial strangulation. In animals with partial strangulation there
was a complete restitution of the surface epithelium, and luminal glycerol and lumen-
to-blood permeability of polyethylene glycol 4000 remained low. Such animals
showed a sustained elevation of lactate and blood-to-lumen permeability of
fluorescein isothiocyanate dextran after 2 hours of partial strangulation, but a decline
to baseline levels of these parameters in animals with 1 hour partial strangulation.
Conclusion: Microdialysis of lactate and glycerol in the intestinal lumen may be used
to assess structural and functional changes of the intestinal mucosa after strangulation

obstruction.



INTRODUCTION

Strangulation obstruction of the small intestine remains to be a serious condition
associated with much higher morbidity and mortality rates than that of simple
intestinal obstruction [1,2]. Methods with clinical applicability such as laser Doppler
flowmetry, pulse oximetry, and recently intraoperative visualization of the intestinal
microcirculation with a portable microscope [3-6] have been evaluated
experimentally, and may improve the precision of the intraoperative judgement of
intestinal viability after release of a strangulation obstruction. However, the
evaluation of such patients in the early postoperative period is still a major challenge
due to persistent risk for perforation of the intestine, and because such patients are at
risk for development of the multiple organ dysfunction syndrome due to intestinal
barrier failure [7,8].

Microdialysis of anaerobic metabolites released to the intestinal lumen may
potentially be used to assess mucosal dysfunction caused by mucosal ischemia [9-12].
Recently it was shown that microdialysis of glycerol derived from damaged cell
membranes and released to the intestinal lumen can distinguish between histologic
injury caused by different duration of complete intestinal ischemia in an experimental
model [13]. However, this technique has not been evaluated either clinically, or in
experimental models on strangulation obstruction of the intestine. The latter may, in
addition to venous stasis present with varying degree of reduced or completely
inhibited arterial blood supply to the strangulated bowel segment.

Many experimental models on strangulation obstruction are based upon ligation of the
veins either alone or combined with varying degree of impaired arterial inflow to the

intestinal segment under study [14-17]. Although such models may provide



information particularly on morphologic injury and other events during the
strangulation period itself, their suitability for study of the reperfusion period after
release of the strangulation is obviously limited. This concern was met in a model
focusing on compensatory circulatory mechanisms in the intestinal wall during
strangulation obstruction recently reported by Fevang et al [18-20]. In the present
study, focusing on the reperfusion period after release of strangulation obstruction, a
modification of this model was used.

The objective of the current study was 1) to assess morphologic injury of the intestinal
mucosa and associated permeability changes after strangulation obstruction and the
ensuing reperfusion period, and 2) to evaluate whether release of lactate and glycerol
from the intestinal wall as measured with the microdialysis technique reflect such

changes.



MATERIALS AND METHODS

The experimental protocol for this study was approved by the Norwegian State

Commission for Animal Experimentation.

Surgical preparation

Thirty juvenile male pigs (Norwegian Landrace/Yorkshire) (22-42 kg) were used. The
pigs were kept on standard laboratory chow and a 12:12 light-dark cycle. The animals
were deprived of food, but not water, for 24 h before the experiment. Anaesthesia was
induced and maintained as previously described in detail [13,21]. The animals were
tracheotomized and mechanically ventilated with 40 % oxygen at a rate of 20
breaths/min. Catheters were inserted into the left cardiac ventricle via the right carotid
artery for injection of coloured microspheres, and into the abdominal aorta via the
right femoral artery for monitoring blood pressure, heart rate, arterial blood gas
sampling, and withdrawal of reference samples for tissue blood flow measurements.
Another double-lumen catheter was inserted into the inferior caval vein via the right
femoral vein for blood tests and infusions. The animals received Ringer’s acetate 10-
15 ml/kg/h, and a heating blanket and warm fluids were used to maintain
normothermia.

A midline laparotomy was performed. A Foley catheter (Bard Ltd., West Sussex, UK)
was placed in the urinary bladder, secured with a purse-string suture, for monitoring
urine output and for urine samples. Another rubber Foley catheter (Ch 22) was placed,

without traction, around a segment (about 3m) of the distal ileum including the



mesentery, artery, vein, and bowel (Fig 1). A cannula (Hydrocath arterial catheter, 20
G, 6 cm, Becton Dickinson Critical Care Systems Pte Ltd, Singapore) was inserted
into the main vein of the bowel loop for continuous recording of venous pressure. The
main artery supplying the closed intestinal loop was dissected free and a Doppler
ultrasound probe (1.D. 5 mm) was placed around the vessel. Strangulation of this
bowel loop was performed by tightening the rubber catheter around the bowel and its
mesentery. Within the closed bowel loop two separate ileal loops of about 30 cm and
20 cm were isolated for assessment of permeability across the intestinal wall, and in
addition a microdialysis catheter was inserted into the intestinal lumen for
measurements of lactate and glycerol. A loop of the middle part of the small intestine
(about 3m) was used for control within the same animal.

After completion of surgery, the laparotomy was closed with towel clamps. The pigs
were allowed to stabilize for 60 min before the start of the experiment. At the end of

the experiment the animals were Killed with an overdose of pentobarbital.

Experimental Protocol

The experimental set-up is outlined in fig 1. After a baseline period of 45 min,
strangulation obstruction was induced by gradually tightening the rubber Foley
catheter around the bowel loop until venous pressure in the loop was between 40 and
45 mmHg. This pressure level was selected because it is just below the diastolic
pressure and therefore is associated with stable pulsative flow in the main supplying
artery to the bowel loop. In 9 animals strangulation with this venous pressure was
maintained for 1 hour and in 8 animals for 2 hours (partial strangulation). In a third

group of 8 animals this venous pressure was maintained for 5 min, but thereafter



further strangulated until complete cessation of arterial blood flow for 2 hours (total
strangulation). In all of these experiments the strangulation period was followed by 4

hours of reperfusion. Five animals served as control experiments.

Blood flow

Blood flow of the main mesenteric artery was measured with an ultrasonic transit-
time flow probe connected to a flow calculator (Transonic Systems Inc., Ithaca, NY,
USA). Tissue blood flow and cardiac output were determined by means of the
distribution of colour labelled microspheres according to procedures described in

recent studies from our laboratory [21].

Morphology

Specimens for microscopic evaluation were taken at the end of the baseline period,
strangulation period, and the 4 hour reperfusion period. In addition specimens were
also taken from an adjacent non-strangulated bowel loop in the same animals and in
the five control animals at corresponding time points. This yielded 150 slides that
were coded and examined in random order at the end of all experiments.
Morphology specimens of the intestinal wall used for morphometric analysis of the
surface epithelium were fixed in 4% formaldehyde-buffered solution, and further
processed and embedded in paraffin. Sections of 5 um were stained with
Hematoxylin-Erythrosin-Safran. An investigator, blinded to the experimental group
and the time in the experiment at which the biopsy had been taken, examined the

slides. The morphometric analysis was carried out using an eyepiece graticule and a



magnification of x100 (i.e., with an ocular of x10 and an objective x10). In each slide,
10 randomly chosen fields were examined. The epithelial cells within each
observation grid square (containing approximately 10 epithelial cells) were classified
into four categories as previously described in detail from our laboratory [21]. The
first category consisted of the normal columnar epithelium. The second category
comprised a columnar epithelium with irregular shape and basal vacuolization of the
cytoplasm. Such epithelium was often separated from the basement membrane by a
narrow space. This space was predominantly at the tip of the villi, but could also
extent toward the crypts. This epithelium was in the present study classified as in situ
damage. The third category was denuded areas where the surface epithelium had been
sloughed off the basement membrane at the villi tips (denuded basement membrane).
The fourth category comprised a monolayer of irregularly arranged cuboidal cells
attached to the basement membrane along the sides of and at the tip of the villi
(cuboidal epithelium). A total of 100 grid squares were classified in each of the five
bowel segments obtained from each animal. The result was summarized as the
percentage of the surface length occupied by the epithelial subclasses. In addition, in
the 10 randomly chosen fields of each slide, the amount of blood in the lamina propria

outside the blood vessels was judged as 0 (nothing), 1+ (some) or 2+ (substantial).

Permeability

Lumen to blood permeability was determined as previously described [21,22].
Briefly, a jejunal loop of 30 cm was ligated at both ends, and 100 ml (10.0 pCi) **C
polyethylene glycol (PEG-4000) (Amersham Bioscience, Buckinghamshire, UK), was

injected into the lumen. Venous blood samples for determination of the concentration



of PEG-4000 in plasma were taken at 30 min intervals. Urinary excretion of PEG-
4000 was expressed as % of PEG-4000 instilled into the intestinal loop.

Blood to lumen permeability was determined as previously described [23]. Briefly, a
jejunal loop of 20 cm was ligated at both ends and cannulated at its proximal and
distal ends with the line of an infusion set and a Foley catheter, respectively.

The loop was continuously perfused with 39°C Ringer acetate at 60 ml/h. Intestinal
plasma-to-lumen permeability was assessed by measuring the clearance of fluorescein
isothiocyanate dextran (FD-4) (Sigma Chemical, St.Louis, MO). A suitable plasma
concentration of FD-4 was maintained by infusing a loading dose (10 mg/kg) in an
auricular vein over 5 min followed by a continuous infusion (5 mg/kg/h) for the rest
of the experiment. 0.5 ml of arterial blood and intestinal perfusate were sampled every
30 min throughout the experiment. Fluorescence of FD-4 in plasma and intestinal
perfusate was measured with a fluorescence spectrophotometer (Fluoroskan

I1,Labsystem). Flux and clearance of FD-4 were finally calculated.

Microdialysis

Microdialysis catheters (CMA 70, membrane length 20 mm, 20 kD, CMA
Microdialysis AB, Stockholm, Sweden) were introduced into the lumen of the ileal
loop and into the subclavian artery as earlier reported from our laboratory [11]. The
microdialysis catheters were perfused at a flow rate of 1 pL/min with an isotonic
perfusion fluid (CMA Perfusion Fluid T1 and microdialysis pump CMA 107). The
catheters were perfused in situ for > 75 min before baseline measurements. Samples
were collected over 30 min and were analyzed immediately on site for glycerol and

lactate by enzymatic fluorometric assays (CMA 600 microdialysis analyzer) using
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peroxidise methodology. In vitro recovery at a flow rate of 1 pL/min has been tested
for three microdialysis catheters in 1.1 mM, 5.5 mM, and 10.3 mM concentrations of
sodium lactate in Ringer’s acetate (64 [7] %), and 100 uM, 500 uM, and 1000 uM

concentrations of glycerol in Ringer’s acetate (37 [4] %) [13].

Statistics

Continuous variables are presented as mean + 1 SD in text and table for descriptive
purposes, and as mean with standard error of the mean (SEM) in the figures where
group differences are of primary interest. Due to unequal variance of the observed
variables at different time points, non-parametric procedures were employed
throughout; i.e. Friedmans test for two-way classification, Wilcoxons’ signed rank
test for pairwise comparisons, Kruskal-Wallis and Mann-Whitney’s rank sum test for
independent samples. Morphometric outcome is reported as the mean proportion of
epithelium cell categories, with 95 % confidence interval obtained through non-
parametric bootstrap using the boot package of the software R [24], which also was
used for the exact tests. In the analysis the proportion of damaged cells, i.e. denuded
basement membrane and in situ damage, were combined. SPSS® version 12 (SPSS
Inc., Chicago, IL) was used in the remainder of analyses. The comparisons were
planned in advance and limited in number, thus no correction for multiple testing was
applied. Reported p values are two-sided, values less than 0.050 are considered to

indicate statistical significance.
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RESULTS

Hemodynamics

For central hemodynamics, see Table 1. Cardiac output averaged 6819 + 2448 ml/min
at baseline, there were no difference between the experimental groups and cardiac

output did not change during the course of the experiments in any of the groups.

Blood flow

Strangulation of the bowel loop until stable mesenteric venous pressure between 40
and 45 mmHg was associated with a decrease in mesenteric artery blood flow to about
20 % of baseline level (Fig 2). After release of the strangulation mesenteric artery
blood flow rapidly returned to and remained at the baseline level in animals with 1
hour partial strangulation, whereas blood flow after 2 hour partial strangulation did
not completely return to baseline level (p at least = 0.031). In contrast, animals with
total strangulation of the bowel showed a temporary, but marked increase in
mesenteric artery blood flow at 1 hour in the reperfusion period (p = 0.023) (Fig 2).
Tissue blood flow as measured with microspheres in whole wall samples of bowel
loops showed very similar response to partial strangulation as that measured with
ultrasound transit time flowmetry in the mesenteric artery (Table 2). However,
mucosal tissue blood flow in such animals was reduced to only 35 + 23 % as
compared to 16 + 20 % of baseline level in the serosa/muscularis of the intestinal wall
(p = 0.002). During the reperfusion period blood flow in the whole wall and in the

mucosa rapidly returned to and remained at baseline level both in animals subjected to
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partial and total strangulation of the bowel. The higher mucosal blood flow at the end
of the experiments in animals with total strangulation compared to the other
experimental groups (p = 0.043) is consistent with a similar difference at baseline (p =
0.010) (Table 2). Blood flow in the serosa/muscularis showed essentially the same
pattern as in the mucosa during the reperfusion period. However, blood flow in this
layer did not completely reach baseline level in animals with 1 hour partial
strangulation either at 10 min (p = 0.027) or 4 hours (p = 0.020) reperfusion. Intestinal
tissue blood flow did not show significant changes throughout the experiment in
control animals.

Renal blood flow averaged 2.24 £+ 0.77 ml/min/g at baseline, with no difference
between the groups, between the right and left kidneys, or throughout the course of

the experiments.

Morphology

Strangulation of the bowel loop was associated with formation of oedema and a
change to a bluish colour of varying intensity. However, it was not possible to
distinguish partial from total strangulation by its macroscopic appearance. Fig 3
shows the distribution of the different categories of the surface epithelium at the end
of the strangulation period and the 4 hours reperfusion period. Partial strangulation for
both 1 and 2 hours caused denudation of the basement membrane at the villi tips
comprising about 25 % of the surface area. At the end of the ensuing 4 hours
reperfusion period the denuded basement membrane in animals with partial

strangulation was almost completely covered with cells that either had a normal
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columnar or a cuboidal shape. Total strangulation for 2 hours caused 89 % denudation
of the basement membrane at the villi tips and 7 % in situ damage. This amount of
mucosal damage was much more pronounced than in animals with both 1 and 2 hours
partial strangulation (p = 0.003 and p = 0.011, respectively). At the end of the
reperfusion period, more than half of the formerly denuded basement membrane had
been covered with cuboidal cells (Fig 3). The remaining surface area with denuded
basement membrane was clearly less than at the end of the strangulation period (p =
0.031). Structural damage apart from that of the surface epithelium was not detected.
However, some intestinal bleeding in the lamina propria was present after
strangulation (Table 3), but there was no significant difference between any of the

experimental groups.

Permeability

Blood to lumen: Using FD-4 as marker of permeability revealed that total

strangulation of the bowel loop caused a marked and sustained increase of the FD-4
clearance throughout the reperfusion period (p = 0.008) (Fig 4). Also partial
strangulation for 1 and 2 hours was associated with increase in FD-4 clearance early
in the reperfusion period (p = 0.008 for both groups). Permeability for this marker
molecule later fell (p = 0.016) to baseline level in animals with 1 hour partial
strangulation. Such a decrease was not evident in pigs subjected to 2 hours partial
strangulation, in which the permeability was higher than found in control experiments
at the end of the experiment (p = 0.004).

Lumen to blood: Similar to the findings for blood-to lumen permeability, the venous

concentration of PEG-4000 increased markedly after release of total strangulation (p
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=0.008) (Fig 5A), and was still higher than baseline level at the end of the experiment
(P =0.008). In animals with partial strangulation there were also a slight increase of
venous PEG-4000, however, the concentrations were not different from that found in
control animals at any time point throughout the course of the experiment. The pattern
of urinary excretion of PEG-4000 was very similar to that found for venous
concentrations although the maximal increase occurred about 1 hour later than in

venous blood (Fig 5 B).

Microdialysis of lactate and glycerol

Baseline concentrations of intestinal luminal lactate and glycerol in pigs in the present
and other studies from our laboratory are 0.11 (range 0 -0.89) mmol/L and 16.2 (range
0-122) umol/L, respectively (n = 82). Microdialysis data were excluded for further
analysis due to obviously wrong “baseline” concentrations for lactate (26 mmol/L)
and glycerol (350 umol/L) in one animal experiment (partial strangulation for 2
hours). In addition microdialysate was not obtained from the luminal catheter in one
animal experiment (partial strangulation for 1 hour) due to a non-functioning
microdialysis pump.

The luminal concentration of lactate increased rapidly and had reached a plateau at 1
hour after both 1 hour (p = 0.008) and 2 hours partial (p = 0.031) as well as total
strangulation of the bowel loop (p = 0.008) (Fig 6 A). During the reperfusion period,
lactate fell (p = 0.016) to baseline level in animals with 1 hour partial strangulation,
whereas it remained high in the groups with 2 hours partial and total strangulation;
clearly different from that found in the control group (p = 0.010, p = 0.002,

respectively). In contrast to lactate, the luminal glycerol concentration was only
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modestly higher than control at 1 hour after partial strangulation (p =0.030 and p =
0.050, respectively) (Fig 6 B). After total strangulation, however, there was a marked
elevation of glycerol (p = 0.008) which was sustained throughout the reperfusion
period.

In arterial blood the concentration of lactate apparently increased slightly in response
to both partial and total strangulation for 2 hours, but the difference compared to
baseline was not significant. Lactate later decreased towards the end of the
experiment in all groups subjected to strangulation of the bowel, whereas it remained
unchanged in control animals (Table 4). Arterial glycerol increased modestly in
response to both 1 hour (p = 0.008) and 2 hours (p = 0.016) partial strangulation, but
was not different from baseline throughout the reperfusion period. No significant
changes in arterial glycerol were noted in the control and total strangulation groups

(Table 4).
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DISCUSSION

The present study revealed that microdialysis of lactate and glycerol, using catheters
placed in the intestinal lumen, to a large extent mirrored changes in permeability and
structural integrity of the intestinal mucosa induced experimentally by varying
intensity and duration of small bowel strangulation.

Strangulation obstruction is associated with increased pressure in the mesenteric
venous bed of the strangulated bowel. However, as shown in our experiments, when
the strangulation is severe enough to cause cessation of the arterial blood supply, the
venous pressure falls (Fig 2), which most likely is due to rapid extravasation of fluid
from the venous system to the interstitial tissue and peritoneal cavity. Apart from
extravasation of blood to the lamina propria, microscopic examination revealed a
pattern of intestinal injury in this model that is much alike that found after impeded
arterial blood supply to the intestine, without venous obstruction [13, 21, 25]. As
shown previously and confirmed in this study, the surface epithelium of the villi tips
was particularly susceptible to hypoxia and ischemia [13,21,25]. The ensuing repair of
the mucosa after release of strangulation was also similar to that reported previously
[13,21] with replacement of denuded areas of the basement membrane with cuboidal
surface epithelium. This type of repair termed restitution, originally described in the
frog gastric mucosa, has been shown to occur by migration of viable cells attached to
the basement membrane at the margins of the wounds of the villi tips [21,26].
Reduction of arterial blood flow close to 80 % in bowel loops with partial
strangulation was associated with a relatively limited damage of the mucosa. This
finding may at least partly be explained by the redistribution of blood flow towards

the mucosa noted in the present experiments and in similar experiments reported by
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Fevang et al [19]. These observations most likely reflect autoregulatory mechanisms
reported to be present both in the cat small intestine and in the dog colon [27,28], but
it is noteworthy that they are intact also during strangulation obstruction and may be
important for tissue protection in this situation.

Because both marker molecules for permeability used in the present study are
hydrophilic and have a relatively high molecular weight it is likely that they are
transported via the paracellular pathway [29,30], although we cannot completely
exclude that dextrans, like FD-4, can traverse the intestinal epithelium, in part, via a
transcellular process [31].

Permeability for the macromolecule FD-4 from blood to lumen in the initial period of
reperfusion reflected fairly well the extent of mucosal injury caused by partial and
total strangulation of the bowel. However, at the end of the experiment clearance of
FD-4 still remained high and unchanged both in animals with total and partial
strangulation for 2 hours. Both of these experimental groups showed at this time a
substantial repair, the formerly denuded basement membrane in animals with partial
strangulation was even completely covered with surface epithelium. The latter
observation is compatible with reports suggesting that epithelial restitution per se and
alone is not sufficient for recovery of barrier functions such as normalized
permeability [32]. There is substantial evidence to suggest that formation of tight
junctions between the restituted cells or repair of these paracellular bridges in areas
with surface epithelial cells still in situ is the major determinant for normalization of
barrier functions [33,34]. Incomplete repair of tight junctions could therefore account
for the sustained elevation of FD-4 clearance also at the end of the reperfusion period
when the surface area was almost completely covered with cuboidal or cylindrical

epithelium.
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The mucosal injury inflicted by partial strangulation was apparently not sufficient to
cause increased permeability for PEG-4000. Although this probe had a similar
molecular weight as FD-4, there is substantial evidence showing that permeability
across the intestinal mucosa also depends on factors such as molecular size,
configuration and hydrophilic properties [35]. In addition it is also likely that
permeation of marker molecules is higher in the blood to lumen direction than in the
opposite direction. Strong support for this view comes from in vitro studies on both
the small and large bowel showing a much higher permeation of nearly all commonly
used marker molecules in the serosa to mucosa direction than in the mucosa to serosa
direction [36,37].

Although measurement of biomarkers with microdialysis catheters in the peritoneal
cavity is feasible and has been shown to reflect splanchnic ischemia [38,39], we
recently found that release of glycerol and lactate to the gut lumen after ischemia and
during the reperfusion period correlated much better to mucosal dysfunction and
histologic injury of the mucosa [13]. During surgery for intestinal strangulation
obstruction, the intestinal lumen is accessible for placement of microdialysis catheters
with techniques similar to those used for jejunal feeding catheters.

Glycerol released from the phospholipid membrane of the villous epithelial cells after
cellular damage can be monitored with the microdialysis technique, both in the
intestinal wall and lumen using experimental models with total intestinal ischemia
[12,13,40].

However, the current study extends these reports by showing that release of glycerol
from the mucosal side can distinguish moderate tissue injury associated with low
mucosal blood flow and limited change in permeability from total ischemia with

extensive tissue injury and a large change in permeability. This observation is of



19

particular importance in a clinical setting. For example, it may be difficult or even
impossible to judge intraoperatively to what extent a strangulated intestinal loop has
suffered total or near total ischemia or whether some arterial blood supply is present.
Measurement of lactate in the intestinal lumen with microdialysis could not, as shown
in figure 6, distinguish the hypoxic state of the mucosa in experiments with partial
strangulation from the anoxic state in animals with total strangulation. This finding is
consistent with another study showing a threshold for increase of intestinal luminal
lactate at about 30 % reduction of baseline flow in the superior mesenteric artery and
a marked increase at 15-20 % reduction [10], which is comparable to that in the
present experiments with partial strangulation obstruction. However, the decline of
lactate during the reperfusion period in animals with 1 hour - but not in animals with 2
hours partial strangulation most likely reflects less pronounced dysfunction of the
intestinal mucosa in such experiments. This interpretation is supported by the more
sustained permeability of FD-4 in animals with 2 hours partial strangulation. A
pertinent question is whether glycerol and lactate released to the intestinal lumen
could have their origin from other sites than the intestinal wall. We cannot exclude
this possibility completely, particularly for lactate. However, there was no correlation
between mean arterial and luminal concentrations either for lactate or glycerol (Table
4 and Fig 6).

In conclusion, the present study suggests that the microdialysis technique can be used
to assess functional and structural changes of the mucosa after strangulation
obstruction. A decline in luminal lactate as an indicator of normalized anaerobic
metabolism in the mucosa after treatment for strangulation obstruction may indicate
recovery of barrier functions, whereas persistent elevation of luminal glycerol may be

a warning sign.
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FIGURE LEGENDS

Figure 1. Schematic drawing of the experimental set-up in pigs with strangulation of

the small bowel.

Figure 2. Pressure in the main drainage vein and flow in the main feeding artery
(measured with ultrasonic transit-time flowmetry) in a bowel loop of pigs with partial
strangulation for 1 hour (n = 9) and 2 hours (n = 8), and total strangulation for 2 hours
(n =8) or control (n =5). After release of strangulation a 4 hours period of

reperfusion followed. Values are mean £ SEM.

Figure 3. Distribution of different categories of surface epithelium of the intestinal
mucosa in pigs subjected to strangulation of small bowel. The categories are 1)
normal columnar epithelium, 2) columnar epithelium with irregular shape, basal
vacuolization of the cytoplasm, and often separated from the basement membrane by
a narrow space, labelled in situ damage, 3) denuded basement membrane at the villi
tips, and 4) irregularly arranged low cuboidal cells attached to the basement
membrane at the upper parts and tips of the villi. Intestinal specimens were removed
at the end of the strangulation period and at the end of the 4 hours reperfusion period.
(A) Partial strangulation for 1 hour. (B) Partial strangulation for 2 hours. (C) Total
strangulation for 2 hours. At baseline and in the control group there were no sign of
mucosal injury as judged by microscopy (data not shown). Mean values. The bars

represent 95 % confidence intervals.
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Figure 4. FD-4 clearance from blood to the intestinal lumen in pigs with strangulation

of small bowel. Values are mean + SEM, Bas = baseline. S = strangulation.

Figure 5. (A) Concentration of PEG-4000 in venous blood, and (B) PEG-4000 in
urine (expressed as % of the **C-PEG-4000 instilled into the ileum) as indexes of
permeability from the intestinal lumen to blood in pigs with strangulation of small

bowel. Values are mean = SEM. Bas = baseline. S = strangulation.

Figure 6. Gut luminal lactate and glycerol detected by microdialysis in pigs with

strangulation of small bowel. VValues are mean + SEM. Bas = baseline.
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Table 3

Bleeding score in the lamina propria in pigs with strangulation of the small bowel

30

Strangulation Reperfusion, 4 hours
Partial strangulation, 1 h 09+0.9 06+0.9
Partial strangulation, 2 h 1.1+09 0.8+0.9
Total strangulation, 2 h 1.8+£05 0.6 £0.7*
Control 0.0+0.0 0000

Mean values + SD. Bleeding was scored as 0, 1 (some), and 2 (substantial). * denotes significant

difference from baseline.
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Figure 5

Excretion of PEG-4000

PEG-4000 in venous blood
(counts/ml/min)

in urine (%)

1004

0.084
0.074
0.06+
0.05+
0.044
0.034
0.02-
0.014

Reperfusion

Bas S 1h

B

—&— partial strangulation, 1 h
—e— partial strangulation, 2 h
—B— total strangulation, 2 h
—©— control

2h

3h

4h

Bas S 1h

2h
Time

3h

4h

36



Figure 6
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