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Abstract

Purpose: Acute ischemic injury is a strong inductor of cardiac remodelling, resulting in structural changes of the
extracellular matrix (ECM) and basement membrane (BM). In a large animal model of ischemia-reperfusion (I/R) we
investigated the post-ischemic liberation of the collagen-IV-fragments Tumstatin (TUM; 28 kDa-fragment of collagen-IV-
alpha-3), Arresten (ARR; 26 kDa-fragment of collagen-IV-alpha-1) and Endorepellin (LG3, 85 kDa-fragment of perlecan)
which are biologically active in angiogenesis and vascularization in the post-ischemic myocardium.

Methods and Results: In this blinded study, 30 pigs were randomized to 60 min of global I/R at either 4°C or 32°C or served
as control. Three transmyocardial tissue samples were collected prior to ischemia and within 30 min and 150 min of
reperfusion. Tissue content of TUM, ARR and LG3 was analyzed by western blotting and immunostaining. Within 150 min
of mild hypothermic I/R a significantly increased tissue content of ARR (0.17%+0.14 vs. 0.56+0.56; p=0.001) and LG3
(1.13£0.34 vs. 2.51£1.71, p<0.001) was observed. In contrast, deep hypothermic I/R was not associated with a significant
release of cleavage products. Cleavage of TUM remained unchanged irrespective of temperature. Increased matrix
processing following mild hypothermia I/R is further supported by a >11fold elevation of creatine kinase (20752595 U/I
vs. 232486551 U/I; p<<0.001) in the coronary sinus plasma samples. Inmunostaining demonstrated no changes for ARR
and LG3 presentation irrespective of temperature. In contrast, TUM significantly decreased in the BM surrounding
cardiomyocytes and capillaries after mild and deep hypothermic I/R, thus representing structural alterations of the BM in
these groups.

Conclusion: The study demonstrates an early temperature-dependent processing of Col-IV as major component of the BM
of cardiomyocytes and vascular endothelium. These observations support the protective effects of deep hypothermia
during I/R. Furthermore, the results suggest an increased structural remodelling of the myocardial basement membrane
with potential functional impairment during mild hypothermic I/R which may contribute to the progression to post-
ischemic heart failure.
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Myocardial ischemia-reperfusion (I/R) is a strong inductor of
ECM remodelling by initiating a series of events leading to protein
cleavage and re-formation of the ECM [12]. The cleavage of Col-

Introduction

Collagen IV (Col-1V) and perlecan (Hspg?2) are major structural

components of the basement membrane (BM) surrounding cells
and cell layers in the myocardium. By interacting with other
components of the extracellular matrix (ECM), Col-IV and Hspg2
modulate cardiomyocyte activity and are essential for normal
tissue development and function. Both proteins act by linking
myocytes to the surrounding ECM and interstitial cells, thus
transmitting mechanical force during contraction [3,4]. Both
proteins are therefore essential for mechanical stability and
electrical conduction in the myocardium [15,23,25]. Conditions
leading to proteolysis of Col-IV and Hspg2 may potentially result
in functional impairment of the myocardium.
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IV liberates the C-terminal fragments arresten (ARR, collagen-
IVal) and tumstatin (TUM, collagen-IVa3), while proteolysis of
Hspg?2 results in liberation of the C-terminal domain endorepellin
(LLG3). Multiple biological activities such as the suppression of
angiogenesis by inhibiting endothelial cell migration, tube
formation and pro-apoptotic function have been attributed to
these fragments, [2,6,10,14,22,28]. However, the role of ARR,
TUM and LG3 in myocardial vascularization following acute
ischemia has never been studied.

The purpose of this study is to investigate the time-dependent
cleavage of Col-IV and Hspg?2 during early I/R with release of the
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above bioactive fragments under different temperature conditions.
We hypothesize a differential cleavage of Col-IV and Hspg?2
during mild and deep hypothermic I/R as potential protective
strategy [2,16,17,19].

Materials and Methods

2.1 Anesthesia and Operative Procedure

Thirty female pigs (23%3 kg) were included in this study. All
animal work has been conducted according to relevant national
and international guidelines. All animals were housed and fed
according to the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (NIH Publication 85-23, revised
1985) federal guidelines. All procedures were approved by the
Ethics Committee of the Animal Welfare Authorities Thuringia
(TLLV) [12]. In brief, in all animals anesthesia was induced with
4 mg/kg intramuscular azaperon (Stresnil, Janssen, Neuss,
Germany) and 0.02 mg/kg atropine (Braun, Melsungen, Ger-
many) and maintained with 0.03-0.05 mg/kg/min ketamine
(Ketanest, Parke-Davis, Berlin, Germany). Pancuronium
0.2 mg/kg was given as required. The animals were mechanically
ventilated with 50% oxygen in room air. For hemodynamic
monitoring, fluid administration and blood sampling fluid-filled
catheters were inserted in the right common carotid artery and the
right internal jugular vein, respectively. Following left anterior
thoracotomy in the fourth intercostal space and pericardiotomy,
heparin (300 IU/kg) was given for systemic anticoagulation. The
extracorporeal circuit and the membrane oxygenator (Cobe
Cardiovascular Inc., Arvada, CO, USA) were primed with
heparinized pig blood. Non-pulsatile cardiopulmonary bypass
(CPB) was initiated at a flow rate of 100 ml/kg/min and adjusted
to maintain a minimum mean arterial pressure of 50 mmHg. After
start of CPB animals were randomly assigned to one of three study
groups.

2.2 Study design

Animals in group one (n=9) served as controls. They
underwent 60 min of CPB without myocardial ischemia. In 21
animals, myocardial ischemia was induced by aortic cross
clamping and infusion of potassium solution into the aortic root
until electrical and mechanical arrest of the heart. Depending on
protocol, either deep hypothermic (group DeepH; approx. 4°C) or
mild hypothermic (group MildH; approx 32°C) conditions were
then sustained during myocardial ischemia. In group two
myocardial protection was additionally afforded by topical cooling,
maintaining a solution of iced saline in the pericardium during the
60 min interval. After 60 min of ischemia, the cross-clamp was
removed and the heart was reperfused. The animals were weaned
off CPB and all cannulas were removed.

Transmural myocardial biopsies were collected from a fat-free
area of the mid-left ventricular free-wall at the following time
points: at baseline prior to 60 min of global myocardial ischemia
and following ischemia at 30 min and 150 min of reperfusion. At
each time point, two LV biopsies were snap frozen in liquid
nitrogen and stored at —80°C or fixed in 4% paraformaldehyde.
At 30 min and 150 min of reperfusion venous blood samples were
collected from the coronary circulation in a vacutainer system for
further analysis. After conclusion of all measurements and
sampling animals were euthanized with anesthesia overdose and
Intravenous potassium.

2.3 Western Blot analysis

Proteins of tissue homogenates were separated on SDS-PAGE
(Bio-Rad, Copenhagen, Denmark). After transfer with a semi-dry
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transblot apparatus (Bio-Rad, Copenhagen, Denmark) the mem-
branes were blocked with 1% nonfat dry milk for one hour at
room temperature. The membranes were each incubated with the
specific primary antibody (Millipore, Schwalbach, Germany) at
4°C overnight followed by washing three times in wash buffer I for
15 min at room temperature. They were then incubated in goat
anti-rabbit secondary antibody (DAKO, Hamburg, Germany).
After washing with horseradish peroxidase complex (Amersham)
for one hour, each protein was visualized using DAB solution
[1%DAB and 0.75% H202 in 0.IM PB (pH 7.4)]. Protein
content was quantified by densitometric measurement. Actin was
used as loading control.

2.4 Measurement of Creatine kinase Serum Levels

Serum levels of creatine kinase (CK in U/I) were measured by
an enzymatic assay (Bayer Diagnostics, Leverkusen, Germany) in
venous blood samples from the coronary circulation at 30 min and
150 min of reperfusion. Nine and a half milliliters of blood was
collected in a vacutainer system (Becton Dickinson), centrifuged
for 10 min at 1.861*g and 4°C and stored at —80°C until further

analysis.

2.5. Immunohistochemistry (IHC) for Collagen IV- and
Hspg2 Fragments

After fixation in 4% paraformaledehyde tissue specimens were
extensively washed in 0.1M PBS pH 7.4, dehydrated in grading
alcohol series including a 50%, 70%, 90% and 100% ethanol step,
rinsed in chloroform, embedded in paraffin and cut in 5 um
sections on a conventional microtome. Sections were incubated
with 5% bovine serum albumin (Sigma, Germany) in TBS for one
hour at RT and then incubated with 1:600 rabbit antibodies
against ARR, TUM, LG3, TIMP IV and cathepsin. After rinsing
with PBS; slides were incubated for 1 h in a 1:400 dilution of a
biotinylated anti-rabbit antibody (Dako, Glostrup, Denmark) and
a horseradish-peroxidase complex (1:150 diluted) then used as
detection system (Amersham, England). The reaction products
were visualized with 3.3-diaminobenzidine-tetrahydrochloride in
0.05M Tris-HCL buffer containing 0.1% hydrogen peroxide. For
staining intensity detection, a Leica microscope coupled to a
CCD-camera (DXC-1850P, Sony, Germany) was used and the
analysis was conducted using the software “Image ]J” (National
Institutes of Health, Bethesda, Maryland, USA). The background
gray value was detected at a cell-free area of the slide and was
equalized for each slide prior to image capturing. Differences in
staining intensity between time points were determined as the
difference between background intensity and test area. Digitally
captured images (63 x magnification) were analyzed to determine
cleavage fragment densities in BM of endothelial cells. In all
experiments staining without the primary antibody was used as a
negative control.

2.6 Statistical analysis

Statistical analysis was performed by using a statistics software
package (SPSS for Windows, Version 15.0). All data are presented
as mean®=SEM. Data analysis was performed using two-way
ANOVA with Bonferroni post hoc test or student’s ¢-fest for paired
data as appropriate. Statistical differences were considered to be
significant for values of p<<.05.
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Table 1. Hemodynamics and Temperature Changes.
Controls Deep Hypothermia (4°C) Mild Hypothermia (32°C)

Baseline

MAP (mmHg) 7211 74*9 6913

HR (bpm) 108+10 103£7 110£8

Temperatur °C 37.1x14 376*14 36.2+2.0
Lowest Temp. during CPB/ischemia

33.7%£25 10.1£3.0* 353%+3.0

30 min Reperfusion

MAP (mmHg) 64=+18 72%14 66+13

HR (bpm) 10312 122+20 118=18

Temperatur °C 34.6+24 29.0%3.1 36.6+2.7
150 min Reperfusion

MAP (mmHg) 62+9 64+15 63+13

HR (bpm) 115+12 118*=14 115+12

Temperatur °C 34.2+3.9 34.6+4.0 37.3%35
Basic hemodynamic data and temperature for representative timepoints. No major differences of basic hemodynamics were observed between groups throughout the
experiment.
* Temperature significantly lower (p<<.05 vs. control).
doi:10.1371/journal.pone.0092833.t001
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Figure 1. Serum levels of creatine kinase in samples collected at baseline and 150 min of reperfusion. A significant CK increase was
found in all three groups. After mild hypothermic I/R a >11-fold CK increase was observed.
doi:10.1371/journal.pone.0092833.g001
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Arresten (collagen IV a1)
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Figure 2. Myocardial tissue content of Arresten. Release patterns and representative western blot of the 50 kDa-fragment as strongest band
identified by immunoblotting with arresten polyclonal antibody. * p =0.001.
doi:10.1371/journal.pone.0092833.g002

Results p=0.001) and in controls (1448946 U/1 vs. 11922+2949 U/I,

p=0.002), however, considerably less compared to mild hypo-
3.1 Changes of Hemodynamics and Temperature thermic ischemia. The time course of CK serum levels is presented
throughout the Experiment in figure 1.

No significant differences in systemic hemodynamics between
groups were observed throughout the experiment. Basic hemody- 3.3 Collagen IV- and Hspg2 Degradation during Ischemia-
namic parameters and temperature changes are given for Reperfusion in Myocardial Tissue Samples
representative time points in table 1. In group three (normother-
mia), five animals were only partially weaned from CPB due to samples at baseline and at 30 min and 150 min of reperfusion to

my(?cardlal fallu?e; m tbese anutnals tissue samples were.collected evaluate the release of the biologically active fragments of collagen
during reperfusion with continuous extracorporal circulatory IV and Hspg2.

support. Myocardial temperature was monitored during ischemia

Western blot analysis was performed with myocardial tissue

. - Tissue Content of Arresten (collagen IV @l chain)-
by temperature probes placed in the anterior LV free wall.  Wegtern Blot Analysis and IHC. Arresten is the 26 kDa C-
According to the study protocol, a progressive reduction of  {erminal (NC1) domain of the ol-chain of type IV collagen in the

my(.)cardia} temperature  to .deep hyPother mic CondiFions was BM. Using a specific antibody, five bands were identified by their
achieved in DeepH by topical cooling. Between MildH and  N.terminal sequence at 10 kDa, 20 kDa, 25 kDa, 50 kDa, and
controls no significant difference in myocardial temperature was 75 kDa in all groups at baseline with strongest staining at 50 kDa
observed.

(figure 2). At baseline a comparable protein content of ARR was
found in all three groups at 50 kDa (Control: 0.17+0.02, DeepH:
3.2 Serum Levels of Creatine kinase in the Coronary Sinus 0.16+0.05, MildH: 0.17%0.14 densitometric units, p=n.s.).

Serum levels of creatine kinase (CK) were determined as marker During deep hypothermic I/R and in controls no significant
of myocardial injury in samples collected from the coronary sinus difference in release of ARR was observed during reperfusion. In
during reperfusion. In animals after mild hypothermic I/R a >11- contrast, animals after mild hypothermic I/R demonstrated a
fold increase in CK serum levels were noted at 150 min of  significant increase of ARR tissue content [Control: 0.23%0.04

reperfusion (2075+2595 U/l vs. 232486551 U/1; p<<0.001). An (30 min REP) vs. 0.2720.03 (150 min REP, p=0.072), DeepH:
increase of CK serum levels were also observed in the deep 0.19£0.02 (30 min REP) vs. 0.14%0.04 (150 min REP, p =0.26),
hypothermic group (1372%889 U/l wvs. 10260%3416 U/L
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Figure 3. Immunohistochemical staining after deep hypothermic I/R for Arresten (Coll4a1) in myocardial sections at baseline,
30 min and 150 min of reperfusion. A significant decrease in antibody binding on the cellular BM is observed at 150 min REP following mild

hypothermic I/R, however not after deep hypothermic I/R and in controls.

doi:10.1371/journal.pone.0092833.g003

MildH: 0.30%0.13 (30 min REP) vs. 0.56+0.56 (150 min REP)
densitometric units, p =0.001)].

IHC with a polyclonal antibody demonstrated staining localized
at the endothelial basement membrane as histochemical sites of
ARR  (Figure 3). During deep hypothermic ischemia and in
controls, no major change in ARR release was observed. In
contrast, mild hypothermic ischemia resulted in a 1.7-fold increase
of antibody binding for Arresten at the vascular and cellular BM
(Table 2).

Tissue Content of Tumstatin (Collagen IV a3) — Western
Blot Analysis and IHC. Tumstatin is the 28 kDa fragment of
the NC1-domain of the a3-chain of type IV collagen. Immuno-
blotting showed different bands at 20 kDa and 35 kDa and one
major band at 75 kDa (figure 4).

Comparable tissue content for the 75 kDa fragment was found
at baseline in all three groups. During mild hypothermic I/R,
tissue content of TUM increased without reaching significance at
150 min of reperfusion. In controls, release of the collagen-IV
alpha 3-fragment decreased slightly during reperfusion though not
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statistically ~ significant  [control: 1.97%3.05 (Baseline) wvs.
1.2940.22 (30 min REP) wvs. 1.31%£0.57 (150 min REP;
p=0.22), DeepH: 1.07+0.47 (Baseline) vs. 0.97%£0.52 (30 min
REP) vs. 1.04+0.58 (150 min REP, p=0.72), MildH: 1.34*0.17
(Baseline) vs. 1.51%+0.39 (30 min REP) vs. 1.75%0.32 (150 min
REP; p=10.07) densitometric units.]

IHC demonstrated a significant decrease of tumstatin antibody
binding to >50% of baseline values in both groups during deep
hypothermic and mild hypothermic I/R (figure 5, table 2). This
observation is in contrast to the time course and localization of
ARR antibody binding, thus supporting a differential processing of
the collagen-IV-molecule and its a1- and a3- chains depending on
external conditions.

Tissue content of Endorepellin- Western Blot Analysis
and IHC. At baseline a comparable protein content for LG3
was observed in all groups (controls: 0.92%+0.31, DeepH:
1.24%0.34, MildH: 1.13+0.34 densitometric units, p=n.s.;
Figure 6). After deep hypothermic I/R, a minimal increase of
LG3 tissue content was observed, which however was not
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Table 2. Intensity of immunostaining for Endorepellin, Arresten and Tumstatin.
Baseline 30 min Reperfusion 150 min Reperfusion P P
Base vs. 30 min

GROUP- Fragment Rep Base vs. 150 min Rep
CONTROLS

Arresten 1.00%0.20 1.09*0.16 1.2620.04 n.s. ns.

Tumstatin 1.00£0.19 1.66+0.44 1.88+0.42 0.06 0.02

Endorepellin 1.00+0.62 1.26+0.84 0.940.62 ns. n.s.
DEEP HYPOTHERMIA 4°C

Arresten 1.00+0.30 1.23+0.37 0.99+0.19 ns. ns.

Tumstatin 1.00%0.23 0.76*0.37 0.442+0.17 ns. 0.05

Endorepellin 1.00+0.21 1.84+1.34 1.111+0.78 n.s n.s.
MILD HYPOTHERMIA (32°C)

Arresten 1.00+0.92 1.42+0.37 1.70+0.86 n.s. n.s.

Tumstatin 1.00+0.54 0.98+0.47 0.48+0.43 n.s. 0.06

Endorepellin 1.00+0.54 1.138+0.27 1.200+0.54 ns. n.s.
Intensity of immunostaining for Endorepellin, Arresten and Tumstatin. IHC demonstrates a significant decrease of tumstatin antibody binding to >50% of baseline values
during deep hypothermic and mild hypothermic I/R.
doi:10.1371/journal.pone.0092833.t002
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Figure 4. Myocardial tissue content of Tumstatin. Representative western blots and release patterns of the 75 kDa-fragment as strongest band
identified by immunoblotting with tumstatin polyclonal antibody.
doi:10.1371/journal.pone.0092833.9g004
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Figure 5. Inmunohistochemical staining after deep hypothermic I/R for Tumstatin (Coll4¢3) in myocardial sections at baseline,
30 min and 150 min of reperfusion. A significant decrease in antibody binding on the cellular BM is observed at 150 min REP.

doi:10.1371/journal.pone.0092833.9g005

significant [DeepH: 1.35%0.58 (30 min of REP); 1.45*0.84
(150 min of REP; p=0.26). In contrast, mild hypothermic I/R
resulted in a significant increase of LG3 tissue content of LG3
[1.71£0.53 (30 min of REP); 2.51=1.71 (150 min of REP;
p<<0.0001). In controls, tissue content of LG3 increased as well
[(controls: 1.19%0.52 (30 min REP); 1.50%0.56 (150 min of REP;
p=0.039)].

In contrast to western blot results, IHC demonstrated only
minor changes of LG3 polyclonal antibody binding. A non-
significant increase of LG3 staining was observed following deep
hypothermic and mild hypothermic I/R, wereas staining in
controls remained unchanged (Figure 7, Table 2).

Immunostaining for Collagen IV — and Hspg2-Epitopes in
Intensity of immunostaining for
Arresten, Tumstatin and Endorepellin in all groups are detailed in
table 2. Figure 6 shows representative cross sections of immuno-
staining for TUM in DeepH after deep hypothermic I/R at
baseline, at 30 min and 150 min of reperfusion. The abluminal
endothelial cell side of blood vessels (vascular BM) and the direct
surrounding ECM of cardiomyocytes (cellular BM) were histo-
chemical sites of TUM, ARR and LG3 and its precursors. During

the Basement Membrane.

PLOS ONE | www.plosone.org

reperfusion after deep hypothermic ischemia decrease in presen-
tation of TUM at the cardiomyocyte BM were observed.
Presentation of ARR and LG3 increased in this group at the
cardiomyocyte BM during the first 30 minutes of reperfusion.
Following mild hypothermic I/R, ARR, LG3 and TUM similar
changes compared to deep hypothermic I/R were observed,
however to a lesser extend compared to deep hypothermic I/R. In
contrast, presentation of Coll IV and HSPG2 fragments remained
unchanged in controls. Preabsorption controls where used to rule
out unspecific staining.

Discussion

Myocardial ischemia and subsequent reperfusion by therapeutic
intervention occur frequently in acute coronary syndromes and are
strong inductors of myocardial remodelling [5,30]. Post-ischemic
remodelling of the ECM strongly affects patient prognosis as it has
been identified as cause of ventricular dilatation with long-term
progression to heart failure [13,29,32]. After ischemia, a loss of
normal ECM architecture by disorganization of matrix deposition
and cell-cell contacts has been observed [7,8,24]. In this setting,
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Figure 6. Time couse of endorepellin (LG3) release and representative western blot from degradation Hspg2 during I/R. Non-
significant changes of LG3 were observed after deep hypothermic I/R. In contrast, in controls and mild hypothermic I/R a significant upregulation of

the 75 kDA-fragment of Hspg2 was observed. # and * indicate significan
doi:10.1371/journal.pone.0092833.9g006

the basement membrane of cardiomyocytes and vascular endo-
thelium plays a key role for matrix reorganization and cell
migration and is responsible for structural integrity and mechan-
ical stability of the heart. The present study investigates the effect
of acute I/R on processing of BM components resulting in changes
in structure and composition of the cardiomyocytes and the
vascular endothelium.

Collagen IV and Hspg?2 are main structural components of the
basement membrane surrounding the vascular endothelium and
myocytes in the heart [6,9]. Both proteins contribute to integrity of
blood vessels, prevent leakage of fluids and proteins, and are
responsible for mechanical stability and electrical conduction. The
ECM fragments ARR and TUM arise from the C-terminal region
of collagen IV, whereas LG3 is cleaved from domain V of Hspg?2.
Their early liberation after ischemia as seen in the present study
reflects cleavage of both parental proteins, thus strongly suggesting
a functional impact on vascular integrity and mechanical stability.
In a recent study in mice, Sasse et al. demonstrated that deficiency
of Hspg2 results in extravascular blood leakage and heamoper-
icardium as well as defects during cardiac development [25].
Furthermore, disruption of BM morphology has been demon-
strated to impair cell-to-cell communication resulting in distur-
bance of electrical conductivity with pro-arrythmic effects.
Schrickel et al observed, that deficiency of annexin A7, a protein
involved in cardiomyocyte membrane structure, results in severe
electrical instability in murine hearts [27]. This finding is in line
with earlier reports demonstrating impaired electrical conductivity
in association with disorganized BM structure [20,33].

PLOS ONE | www.plosone.org

t intragroup changes (2-way ANOVA).

Apart from adverse effects on mechanical stability and electrical
conduction, proteolytic fragments liberated from BM constituents
are biologically active by inhibiting angiogenesis. The early
presence of these fragments following mild hypothermic I/R
may potentially suppress vascularization and formation of new
vessels in the re-perfused heart, thus contributing to the
development of post-ischemic heart failure. For example, endo-
statin, the 25 kDa-fragment of collagen XVIII, has been
characterized in experimental studies and its pro- and anti-
angiogenic effects have been reported [21,26,34]. Several other
matrix-derived degradation products have recently been reported
and mediate modulating function in post-ischemic remodelling of
the heart. TUM, ARR and LG3 are known as potent inhibitors of
angiogenesis. Due to their modulating function, the dynamic
changes of release of these fragments are of particular interest
during early reperfusion after myocardial ischemia, as this period
may offer opportunities for additional therapy in the clinical
setting. We recently characterized the i vivo post-ischemic release
of endostatin by collagen XVIII degradation during early
ischemia-reperfusion and demonstrated the highly dynamic
changes of release of matrix cleavage in this time period [11].
Endostatin is currently undergoing preclinical trials to investigate
its therapeutic potential in tumor therapy [1,18].

Several new observations were made in the present study. First,
we demonstrate an extensive cleavage of BM components during
early I/R. Specifically, the acute rise in liberation in ARR and
LG3 observed during mild hypothermic I/R attests cleavage of
collagen IV and Hspg?2 in this group and confirms increased
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Figure 7. Imnmunohistochemical staining after deep hypothermic I/R for Endorepellin in myocardial sections at baseline, 30 min
and 150 min of reperfusion. A non-significant increase of LG3 staining was observed following deep hypothermic and mild hypothermic I/R,

wereas staining in controls remained unchanged.
doi:10.1371/journal.pone.0092833.g007

proteolytic activity at this early stage. Together with previous data
this supports that ECM cleavage is an early and generalized
process during myocardial I/R, affecting several collagen subtypes
and non-collagenous proteins of the ECM directly adjacent to the
endothelial cells and cardiomoycytes [11]. The data also
demonstrate time-dependent differences of release of ARR and
LG3 in different temperature conditions. While IHC shows a
downregulation of TUM in mild hypothermic and deep
hypothermic I/R at the endothelial basement membrane, all
other fragments remain unchanged, thus indicating a temperature-
dependent processing of the collagen-IV alpha chains and Hspg?2
molecule.

Secondly, as demonstrated by immunostaining, I/R is associ-
ated with changes in BM structure, a process which seems to be
differentially regulated in the BM of cardiomyocytes and
endothelial cells and is also impacted by temperature conditions.
The differences in IHC-data compared to western blot data
further support the hypothesis of differential ECM processing. The
presentation of TUM epitopes decreased after mild hypothermic
and deep hypothermic I/R, however not in controls. ARR
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increased after mild hypothermic I/R, however not after deep
hypothermic I/R. The differentiated impact of temperature
conditions during I/R on BM conformation and protein cleavage
may also cause differences on a functional level. While conforma-
tional changes of the cardiomyocyte BM may primarily affect
mechanical stability and conduction, alterations of the vascular
BM would rather effect endothelial function including integrity of
blood vessels [5,15,25].

The early liberation of matrix cleavage products may be
attributed to increased proteolytic activity during early reperfu-
sion. In the myocardium, cleavage of ECM proteins is largely
mediated by the matrix-metalloproteinases 2 and 9. Although
these enzymes are regulated transcriptionally with stimulation (e.g.
through hypoxia) resulting in increased MMP-expression in hours
to days, short-term effects are possible and have even been
observed i wviwo in the human myocardium. Spinale at al.
demonstrated an increase of MMP proteolytic activity by over
30% from baseline during reperfusion after cardioplegic arrest in
patients undergoing elective cardiac surgery [30]. Our finding of
increased liberation of matrix fragments early stimulation is also in
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line with the reports of others. Lalu et al. observed an increase of
MMP proteolytic activity in human hearts during coronary artery
bypass grafting as early as 10 min of reperfusion. Suhr et al.
observed an increased serum level of low-molecular weight matrix
fragments immediately after physical exercise, thus confirming the
functional regulation of MMPs in skeletal muscle [31].

In further studies it has to be determined whether the release of
cleavage fragments from the cardiac BM/ECM is also changed
after I/R interventions. This question is of central importance in
order to draw a clear picture of ARR, TUM, and LG3 functions.
These data would also tell relevant information about the change
of vascular permeabilization, which would facilitate the release of
cleavage fragments from the BM/ECM into the circulation. It
could be speculated that the cardiac-specific release of cleavage
fragments under I/R conditions is directly involved in cardiac
myocytes, but also in the regulation of peripherally affected tissues.

Conclusion

The present study provides evidence of differential structural
remodelling of the extracellular matrix and the basement
membrane in the myocardium after I/R. Mild hypothermic I/R
results in a significant liberation of the Col-IV and Hspg2 cleavage
products tumstatin, arresten and endorepellin. Mild hypothermic
and deep hypothermic I/R both induce conformational changes of
the endothelial and cardiomyocyte BM.
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These observations demonstrate the differential effect of
temperature conditions on cardiomyocyte and endothelial BM
structure and cleavage during early I/R. The early structural
changes observed in this study may have differentiated functional
impact on mechanical stability, electrical conduction and vascular
function. Further, the liberation of ARR, TUM and LG3 with
biological activity may potentially exert effects during vasculari-
zation in the post-ischemic myocardium. As ECM and BM
remodelling starts within the first minutes of reperfusion,
therapeutic interventions aimed at prevention of post-ischemic
heart failure should start early and also focus to preserve BM
integrity and structure.
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