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Ischemic preconditioning fails to improve
microcirculation but increases apoptotic
cell death in experimental pancreas

transplantation

Abstract Brief periods of warm
ischemia and subsequent short rep-
erfusion before either long-term cold
or warm ischemic insult (ischemic
preconditioning, IPC) have proven
to ameliorate ischemia/reperfusion
(I/R) injury in various organs, such
as the liver and lung. The aim of this
study was to examine the effect of
IPC on pancreatic cell apoptosis and
microcirculatory impairments in
experimental pancreas transplanta-
tion. Male Lewis rats served as do-
nors and recipients of heterotopic
syngeneic pancreaticoduodenal
transplantation. Recipient animals
were divided into two experimental
groups: group Tx (n=7) received
grafts without IPC, group Tx&IPC
received grafts with IPC. Animals
that had not undergone transplan-
tation but whose pancreata had been
exteriorized served as controls
(n=15). All pancreatic grafts were
preserved in University of Wisconsin
solution for 6 h at 4°C. IPC was in-
duced by interruption of the arterial
blood flow for 10 min followed by
10 min of reperfusion. One and two
hours after reperfusion, graft
microcirculation was assessed by
means of intravital microscopy
(IVM). Rats were immediately killed
after the second measurement and
DNA breaks of acinar cells were
detected by in situ terminal deoxy-
nucleotidyl transferase-mediated

deoxyuridine triphosphate digoxige-
nin nick end-labelling (TUNEL)
assay and gel electrophoresis
(laddering). The apoptotic index
(AI) was defined as the number of
apoptotic cells per high-power field.
Analysis of both groups of trans-
planted grafts showed a significant
decrease in functional capillary den-
sity (FCD) and a significant increase
in leukocyte sticking to postcapillary
venules (LAV) at 1 h and 2 h of
reperfusion, compared with animals
that had not undergone transplan-
tation (P <0.01). In parallel, AT was
significantly increased in trans-
planted grafts compared to the con-
trols (P <0.01). Grafts subjected to
IPC showed no significant differ-
ences, neither for FCD nor LAV, at
both time points if compared with
grafts of group Tx. However, IPC
resulted in a significant increase in
Al (P<0.05). We can conclude that
IPC has no effect on pancreatic mi-
crocirculation but enhances acinar
cell apoptosis in experimental pan-
creas transplantation. These results
indicate that IPC might increase I/R
injury after pancreatic cold ischemia.
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Introduction

Ischemic preconditioning (IPC) is a process in which one
or repeated brief periods of vascular occlusion confer a
state of organ protection against subsequent long-term
ischemia and sustained reperfusion injury. IPC was first
discovered by Murry et al. in a canine model of regional
myocardial ischemia [1]. In addition to numerous re-
ports on the heart [2], experimental studies on the liver
[3], lung [4], small intestine [5], kidney [6, 7], skeletal
muscle [8] and even the brain [9] have demonstrated that
IPC is capable of ameliorating ischemia-reperfusion
(I/R) injury in different models of warm ischemia.
Moreover, the preconditioning effect has been repro-
duced in human tissue [10, 11, 12, 13]. Despite reports
on the beneficial effects of IPC in organ transplantation
[14, 15, 16] there is less evidence with regard to IPC in
cold I/R injury.

It has long been assumed that ischemia/reperfusion
mainly induces typical cell necrosis. However, recent
studies have emphasized the contribution of apoptosis to
organ cell death after ischemia—reperfusion injury in
several organs, such as the kidney [17], heart [18], liver
[19], lung [20] and small bowel [21]. Thus, increased
apoptotic cell death might be an unspecific marker for
I/R injury. Moreover, there are data indicating that [PC
attenuates apoptosis formation in different models of
warm ischemia [7, 22, 23]. For pancreatic tissue, acinar
cell apoptosis has been shown to occur during rejection
of human pancreas allografts [24] and in experimental
pancreatic warm and cold I/R injury {25, 26].

At present, no reports focusing on the effect of IPC in
pancreas transplantation are available. Our aim was,
therefore, to determine whether IPC is capable of
attenuating microcirculatory impairments and pancre-
atic cell apoptosis in experimental pancreas transplan-
tation.

Material and methods

All animal experiments were in conformity with current
German law on the protection of animals and were ap-
proved by the local Government Animal Care and Use
Committee.

Surgical procedure

Highly inbred male Lewis rats weighing 290-350 g
(Department of Pathology, University of Rostock, Ro-
stock, Germany) were used as donors and recipients.
After overnight fasting, but free access to water, the
animals were anesthetized by intraperitoneal injection of
60 mg/kg body weight pentobarbidal together with

administration of 5 pg atropine subcutaneously.
Anaesthesia was maintained with 0.2%-0.6% by volume
of isoflurane (Forene, Abbott, Wiesbaden, Germany) in
N,0-0,; (35% oxygen), by use of a Sulla 808 vaporizer
(Draeger, Liibeck, Germany). All operations were per-
formed by a single surgeon (O. D.). The animals were
placed in the supine position on a heating pad that
maintained the body temperature between 35.5°C and
37.0°C. Polyethylene catheters (i.d. 0.50 mm, Portex,
Hythe, UK) were inserted into the left carotid artery and
right jugular vein of both the donor and the recipient for
continuous monitoring of arterial blood pressure (Sire-
cust 1261, Siemens, Munich, Germany), for continuous
substitution of saline solution (4 ml/h) and for intrave-
nous injection of fluorescent dyes after transplantation.
Organ harvest and heterotopic pancreaticoduodenal
transplantation were performed using a modification of
the technique described by Lee et al. {27]. In short, after
meticulous preparation, the pancreaticoduodenal graft
was isolated on a segment of the aorta including the
celiac axis and the superior mesenteric artery. The ve-
nous outflow was provided by the portal vein. After
intravenous injection of 100 IU heparin, the pancreatic
grafts were flushed with and stored in cold (4°C) Uni-
versity of Wisconsin (UW) solution (ViaSpan, DuPont
Pharmaceuticals, Bad Homburg, Germany). Hetero-
topic transplantation with systemic venous drainage was
performed by end-to-side anastomosis between the do-
nor portal vein and the recipient infrarenal caval vein.
The aortic segment of the graft was anastomosed end-to-
side to the recipient infrarenal aorta. Both anastomoses
were performed with running sutures of 9-0 nylon (Serag
Wiessner, Naila, Germany). Afterwards, the clamp on
the donor portal vein was released first, followed by the
arterial clamp. All grafts immediately returned to their
normal pink colour, with the arterial stump pulsating.
The pancreatic tail was gently exteriorized, and the
adjacent spleen was fixed on a specially designed stage
for intravital microscopy. To exclude exposure to
ambient air and to prevent the graft from drying, we
covered the pancreatic surface with an oxygen-imper-
meable transparent film and also constantly superfused
the graft with 37°C Ringer’s lactated solution, to avoid
temperature changes. The temperature of the pancreatic
tail was continuously measured by a temperature-sensi-
tive probe (LICOX, GMS, Kiel, Germany). All mea-
surements were carried out only on recipient animals
with a systolic arterial blood pressure above 90 mmHg.
Short episodes of hypotension immediately after reper-
fusion were treated by bolus substitution of saline
solution. Animals that bled explicitly from anastomosis
or from haemorrhages of the pancreatic graft were ex-
cluded from further analysis. In all experimental groups,
transplanted grafts were observed for 2 h after reperfu-
sion.
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Experimental protocol

A total of 14 recipient animals was randomly assigned to
two different groups: group Tx (n=7) received grafts
without IPC and group Tx&IPC (n=7) grafts with IPC.
All pancreatic grafts were preserved in UW solution for
6 h at 4°C. In addition, animals that had not undergone
transplantation but whose pancreata had been exteri-
orized (n=15) served as controls. IPC was induced in
group Tx&IPC by the selective clamping of the coeliac
axis and superior mesenteric artery for 10 min, followed
by 10 min of reperfusion, before the graft was flushed
with cold UW solution.

Intravital fluorescence microscopy

Intravital fluorescence microscopy (IVM) was per-
formed with a modified Nikon Eclipse E600-FN epi-
fluorescence microscope (Nikon, Diisseldorf, Germany)
with a 100-W mercury-vapour lamp HB-10103AF-Hg.
Filter blocks FITC (excitation 465-495 nm, emission
> 515 nm) and G-2A (excitation 510-560 nm, emission
> 590 nm) were used for epi-illumination. A universal
immersion objective (water and oil, X2010.45, Plan
Fluor, Nikon) provided a magnification of approxi-
mately X650 on the video-screen (WV-BM1700, diagonal
41 cm, Panasonic, Osaka, Japan). Observations were
recorded by means of a charge-coupled device video-
camera (RS-170 Monochrome CCD Camera, Cohu, San
Diego, Calif., USA) and transferred to a S-VHS video-
recorder (AG-4700EY, Panasonic} for off-line
evaluation. A time-code generating interface (TCI 70,
Alpermann + Velte, Wuppertal, Germany) was in-
stalled between the camera and the video-recorder. For
contrast enhancement of microvessels, 0.2 ml of 0.4%
bovine-albumin labelled with FITC (FITC-albumin,
Sigma, Taufkirchen, Germany), and for in vivo staining
of leukocytes, 0.2 ml 0.01% rhodamine 6G (Sigma),
were administered. Each observation field was recorded
for 30 s.

Assessment of microcirculation

Quantitative analysis of microcirculation of pancreatic
exocrine tissue included the determination of functional
capillary density (FCD) as well as the measurement of
the number of leukocytes sticking in postcapillary ven-
ules (LAV). As described by Hoffmann et al. [28], ran-
domly selected non-overlapping regions of the exposed
pancreatic tail were scanned at 1 h and 2 h after the
onset of reperfusion. FCD, defined as the length of all
red blood cell-perfused capillaries per observation area
(centimetres per square centimetre), was determined by
off-line analysis of ten randomly chosen exocrine

observation areas (350 umx200 pm) per time point,
according to the method described by Schmid-Schoen-
bein et al. [29]. A square-type grid system (7x4 squares,
square side representing 50 um) was superimposed on
the video-screen. FCD was calculated by counting the
number of intersections between the grid and the capil-
laries as follows: FCD (cm/ecm?)=7/2 x (number of
points of intersection/(2 x number of squares of the grid
system X length of the edge of the grid). LAV was
quantified by analysing three postcapillary venules
(diameter >20 pm and length <80 um) at each time
point. Adherent leukocytes (number per square milli-
metre) were defined as leukocytes sticking to the vessel
wall for at least 30 s. LAV was calculated in accordance
with the equation: LAV (number/mm?) = number
sticking/zx length of the vessel x diameter of the vessel.

Tissue preparation

Animals were killed after 2 h of reperfusion. Samples of
pancreatic tissue were fixed overnight in 10% buffered
formaldehyde and then embedded in paraffin. Tissue
sections {4 um) were subjected to haematoxylin and
eosin (H&E) staining for histological examination and
to in situ terminal deoxynucleotidyl transferase-medi-
ated deoxyuridine triphosphate digoxigenin nick
end-labelling (TUNEL) staining for identification of
pancreatic cell apoptosis. For examination of DNA
fragmentation by agarose-gel electrophoresis, tissue
samples of the pancreatic tail were snap frozen in liquid
nitrogen and stored at —80°C.

in situ nick-end labelling of fragmented DNA

Identification of apoptotic cells by detection of DNA
strand breaks was performed using an in situ cell death
detection kit (TUNEL POD, Roche, Mannheim, Ger-
many). The method uses terminal deoxynucleotidyl
transferase (TdT) for in situ nick end-labelling of free
3’-OH ends in genomic DNA with deoxyuridine triphos-
phate (dUTP) (TUNEL assay). The TUNEL reaction was
performed in accordance with the manufacturer’s
instructions.

Briefly, after deparaffinization, the tissue sections
were digested by incubation with 20 pg/ml proteinase K
(Roche) for 15 min at room temperature. After being
washed with PBS, sections were covered with 3% per-
oxidase block solution for 5 min at room temperature to
inactivate endogenous peroxidase. After two rinses in
PBS, tissue sections were immersed on ice in 0.1% Tri-
ton X-100 in 0.1% sodium citrate for 2 min. Thereafter,
the sections were incubated in the TUNEL reaction
mixture containing TdT enzyme at 37°C in a 5% CO,
humidified chamber for 60 min. The reaction was
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terminated by a 30-min incubation in a stop/wash buffer.
For visualization of incorporated digoxigenin-11-dUTP,
sections were incubated with peroxidase-conjugated anti-
digoxigenin for 30 min at room temperature. Visualiza-
tion was achieved with DAB substrate solution. Finally,
the sections were counterstained with haematoxylin.
Positive controls were treated with DNase (100 ug/pl,
Boehringer, Mannheim, Germany). Negative controls
were obtained by omission of the TdT in the reaction
mixture. Apoptotic cells were counted from > 50 fields
under a light microscope with a magnification of x400 by
an observer blind to the source of the sections. Apoptotic
cells were counted only after identification of typical
morphological criteria, such as chromatin condensation
and cell fragmentation. An apoptotic index (Al) was
defined as the number of apoptotic cells counted per high-
power field (hpf).

DNA fragmentation analysis by gel electrophoresis

DNA fragmentation analysis by gel electrophoresis is
based on the observation that DNA fragments of
apoptotic cells subjected to gel electrophoresis reveal a
distinctive ladder pattern of multiples of an approxi-
mately 180 bp subunit. Briefly, frozen pancreatic tissue
was homogenized, and DNA was extracted by means of
an apoptotic DNA ladder kit (Roche). DNA concen-
tration was determined by ultraviolet absorbency at
260 nm. An equal quantity of DNA (15 pg) from each
tissue sample was mixed with the loading buffer and
subjected to electrophoresis on a horizontal 1.5% aga-
rose gel, together with a positive control. The gel was
stained with ethidium bromide and photographed under
an ultraviolet trans-illumination lamp (302 nm).

Statistical analysis

All data were analysed using the GraphPad Prism soft-
ware (version 3.00). Results were expressed as mean
values * standard error of the mean (SEM). Values of
P <0.05 were considered significant. All data were first
proven to fit the assumption of normality. Differences
between groups were tested by an analysis of variance
(ANOVA), followed by a post-hoc comparison using the
Newman-Keuls method.

Results

Reperfusion was successful in all animals with a systolic
arterial blood pressure above 90 mmHg. None of the
transplanted grafts exhibited signs of graft thrombosis.
FCD (in centimetres per square centimetre) of control
animals was 441 =13 at 1 h and 461 =19 at 2 h of rep-

erfusion (Fig. la), whereas LAV (in cells per square mm)
was 5+5 and 0£0 at 1 h and 2 h of reperfusion
(Fig. 1b), respectively. In both groups of animals that
had undergone transplantation FCD was significantly
lower (P<0.05) and LAV was significantly higher
(P <0.05) than the values of the controls. However,
in grafts subjected to IPC, we found no significant
difference, neither for FCD (352+9 vs 364110 at
1h, P>0.05 342113 vs 313+22 at 2 h reperfusion,
P>0.05) nor for LAV (119£25 vs 107+21 at 1h,
P>0.05 127+57 vs 191+£30 at 2 h reperfusion,
P >0.05), if compared with animals of group Tx.
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Fig. 1a,b Quantitative analysis of the microcirculation of exocrine
pancreatic tissue after whole-pancreas transplantation, assessed by
means of intravital fluorescence microscopy according to different
transplant settings. Group Tx received pancreatic grafts without
1PC (n=7). Group Tx&IPC received pancreatic grafts subjected to
IPC by 10 min of warm ischemia followed by 10 min of reperfusion
before long-term ischemia and sustained reperfusion (n=7).
Animals that did not undergo transplantation but underwent
only exteriorization of the pancreas (n=35) served as controls.
a Functional capillary density; b permanently (>30s) adherent
leucocytes (sticker) in postcapillary venules (LAV) at 1 hand 2 h
reperfusion. Data presented as means + SEM; ANOVA and
Newman-Keuls multiple post-hoc comparison test. *P<0.05
compared with controls. Student’s r-test for paired samples
P <0.05 compared within groups at 1 h reperfusion)
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Fig. 2 Apoptotic index (apoptotic cells per high-power field, x400)
of acinar cells in pancreatic tissue. Grafts were harvested after 2 h
of reperfusion. Group Tx received pancreatic grafts without IPC
(n="7). Group Tx&IPC received pancreatic grafts subjected to IPC,
with 10 min of warm ischemia followed by 10 min of reperfusion
before long-term ischemia and sustained reperfusion (n=7).
Animals that did not undergo transplantation but underwent only
exteriorization of the pancreas (n = 15) served as controls. Apoptotic
cells were identified by typical morphological signs after in situ
staining using the TUNEL assay method. Data presented as means
+ SEM; ANOVA and Newman—Keuls multiple comparison test
(*P<0.05 compared with controls and P <0.05 compared with
group Tx)

Using the TUNEL method (Fig. 2), we noted a low
level of background apoptosis (Al, cells/hpf) in control
animals (0.16£0.03). Pancreatic cold ischemia and
subsequent reperfusion was associated with a significant
increase in Al for both groups of transplanted grafts
(control group vs group Tx, P<0.01; control group vs
group Tx&IPC; P <0.01). However, grafts subjected to
IPC showed significantly higher levels of Al than grafts
of group Tx (0.57+0.08 vs 0.36+0.03,P<0.05). In all
groups investigated, apoptosis was detected only in
acinar cells, not in islet cells or duct cells.

DNA laddering

DNA was extracted from pancreatic tissue subjected to
I/R injury and from controls. DNA laddering (frag-
ments in multiples of an approximately 180-bp subunit)
(Fig. 3) was evident only in pancreatic tissue undergoing
I/R injury. The laddering pattern was highest expressed
in grafts of group Tx&IPC. In contrast, no DNA lad-
dering was detected in control animals.

Histology
Histological examination of pancreatic tissue showed

only slight interstitial oedema in control animals. Grafts
of group Tx displayed light interstitial oedema and

PTx

Positiv
control

PTx & Control
IrC

Fig. 3 Pancreatic tissue subjected to 6 h of cold ischemia and
subsequent 2 h of reperfusion displayed a characteristic laddering
pattern of 180-bp DNA fragments suggestive of apoptosis (Janes 3
and 4). The laddering pattern was highest expressed in pancreatic
tissue subjected to IPC prior to transplantation (lane 3), whereas
banding of grafts of group Tx without IPC was less pronounced.
No DNA laddering was found in pancreatic tissue of animals that
did not undergo transplantation (/ane 2). Positive control (lane 1)

vacuolization in acinar cells, with no signs of cell
necrosis. Similar results were found for grafts subjected
to IPC. Histological examination revealed no significant
leukocyte infiltration in any of the groups investigated.
However, cell necrosis was found to occur marginally
more frequently among grafts of group Tx&IPC than
among grafts of group Tx.

Discussion

Various ways of organ preconditioning to ameliorate the
harmful effects of I/R injury have been investigated
during the past two decades [30]. One strategy is to ex-
pose organs to one or repeated short episodes of warm
ischemia and reperfusion before long-term ischemia/
reperfusion injury (ischemic preconditioning). Since the
introduction of IPC by Murry et al. in a canine model of
regional myocardial ischemia [1], its beneficial effects
have been confirmed for different organs [31]. Various
mechanisms have been suggested to explain the effects of
IPC, such as activation of adenosine, adrenergic,
bradykinin, and opioid receptors, activation of intra-
cellular mediators such as protein kinase C, tyrosine
kinases and the adenosine triphosphate (ATP)-sensitive
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potassium channels in the mitochondrial membrane,
expression of heat shock proteins, synthesis of antioxi-
dant enzymes, and many others [30, 31, 32]. However,
there is still an ongoing discussion as to whether these
effects represent causes, effects, or just epi-phenomena
[32].

There is a high level of evidence that microcirculatory
derangement caused by I/R injury plays a pivotal role in
the pathogenesis of pancreatitis [33, 34, 35, 36, 37].
Structural and functional damage in I/R injury results in
leukocyte accumulation and adherence to venules,
platelet aggregation, vasoconstriction and deterioration
of capillary perfusion, which can be quantified by
intravital fluorescence microscopy [38]. Recent studies
have determined the contribution of apoptosis to total
cell death after I/R injury in several organs, such as
kidney [17], heart [18], liver [19], lung [20] and small
bowel [21]. Apoptosis is involved in a variety of physi-
ological and pathophysiological processes. For pancre-
atic tissue, acinar cell apoptosis was shown to occur
during the rejection of human pancreas allografts [24]
and in experimental warm I/R injury [25]. In a cold
ischemia model, we were the first to correlate acinar cell
apoptosis with the severity of microcirculatory impair-
ments measured by intravital fluorescence microscopy
(manuscript accepted in American Journal of Trans-
plantation). Therefore, apoptosis seems to be an
unspecific marker of I/R injury in experimental pancreas
transplantation.

In the present study, we hypothesized that IPC would
diminish I/R injury after pancreas transplantation. That
assumption is based on the observation that IPC atten-
uates apoptosis formation in different models of warm
ischemia [7, 22, 23]. However, our data suggest that IPC
worsens I/R injury in experimental pancreas transplan-
tation by an acceleration of apoptotic cell death, and it
has no beneficial effect on microcirculation. In conse-
quence, the question arises as to whether IPC is
unsuitable for diminishing pancreatic ischemia/reperfu-
sion injury in general or if our observation is related to
certain features of our experimental setting.

For example, studies support the theory that the ef-
fect of IPC depends on an appropriate time frame. The
relevance of a precise sequence and design of the dif-
ferent steps involved in IPC has been emphasized for the
heart [2]. Each stage of IPC, e.g. preconditioning
ischemia, intervening reperfusion, test ischemia and final
reperfusion, has important limitations for the total effect
derived from IPC. The classic time frame of induction of
IPC to the myocardium consists of several short ische-
mic episodes followed by an intervening period of less
than 1 h to 2 h. However, small alterations in the se-
quence of the steps might decrease protection and result
in an infarct size not significantly different from that of
the time-matched controls [2]. Since there are no previ-
ous reports on IPC with regard to the pancreas, our time

frame was derived from studies on the liver, where a
preconditioning ischemia of 10 min, followed by inter-
vening reperfusion also of 10 min, was found to have
superior effects when compared with other procedures
[10, 14].

In addition, most studies on IPC focused on models
of warm ischemia. For this scope there is a lot of evi-
dence, even in humans [10, 11, 12, 13]. Despite reports of
amelioration of I/R injury in lung [39] and liver [14, 15]
transplantation, there is less compelling evidence that
IPC is a universal tool for protection of transplanted
organs subjected to cold ischemia. Although rarely
investigated, temperature dependence might be an
important factor in the pathogenesis of I/R injury. The
first systematic investigation on the effect of organ
temperature on I/R injury was published in 2001. In a
model of warm liver ischemia, with a constant core body
temperature, it has been shown that the lowering of the
organ temperature to 26°C significantly ameliorates
microcirculatory impairment, whereas a further reduc-
tion, even to 4°, does not increase protection [40]. In
addition, minor changes of core body temperature result
in a more pronounced liver I/R injury [41, 42]. These
data indicate that the extent of I/R injury in IPC models
might also be influenced by temperature adjustments.
However, the relevance of temperature dependence on
microcirculation and apoptotic cell death in IPC has yet
to be determined.

In ischemia/reperfusion-induced pancreatitis it has
also been reported that sensory and, in part, vagal, nerve
ablation counteract the increase of pancreatic blood flow
and the reduction in plasma interleukin-1p levels derived
from IPC. These findings suggest that the effect of IPC
in pancreatic I/R injury might be related, at least in part,
to the innervation of the pancreas [43]. Therefore, the
total loss of organ innervation early after pancreas
transplantation might account for our findings.
Accordingly, it has been shown that acute brain death
abolishes the cardioprotective effects of ischemic pre-
conditioning in the rabbit [44]. However, this effect was
related to norepinephrine release [45], whereas the effect
of loss of organ innervation has not been determined.

In summary, our study shows that IPC deteriorates
I/R injury in experimental pancreas transplantation by
increasing apoptotic cell death. Experimental data sug-
gest that protective effects derived from IPC might
strongly depend on the type of organ, the time frame
and the experimental setting. Further investigations are
necessary to determine the relevance of IPC in pancre-
atic I/R injury.
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