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Abstract

Myocardial ischemia—reperfusion injury represents a combination of factors, namely the intrinsic cellular response to ischemia and the extrinsic
acute inflammatory response. Recent studies in mesenteric and skeletal muscle reperfusion models identified natural IgM as a major initiator of
pathology through the activation of the complement system and inflammatory cells. To determine whether a similar mechanism is involved in
myocardial tissues, mice bearing an altered natural [gM repertoire (Cr2 ") were examined in a murine model of coronary artery ischemia. Notably,
these mice were significantly protected based on the reduced infarct size, limited apoptosis of cardiomyocytes, and decreased neutrophil infiltration.
Protection was IgM-dependent as reconstitution of these mice with wild-type IgM restored myocardial reperfusion injury. These results support a
model in which natural IgM initiates the acute inflammatory response in the myocardium following ischemia and reperfusion.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Acute myocardial ischemia and myocardial infarction are a
leading cause of mortality in today’s society. Restoration of
blood flow (reperfusion) is essential for survival of the
myocardium, but, paradoxically, it also induces an acute
inflammatory response referred to as ischemia—reperfusion
injury (I/R). Full injury represents a manifestation of both the
intrinsic cellular response of myocardium and the extrinsic
acute inflammatory response [1-3].

While numerous studies have revealed the decisive
contribution of active cellular responses to injury resulting
from ischemic insults [4—10], evidence is emerging that acute
inflammatory responses also play an important role in
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myocardial I/R [2,11]. Studies on the serum complement
system, a major component of natural immunity, indicate that
it may be a major factor [2,12—15]. Early observations that
transient depletion of the central complement, i.e. C3, reduced
inflammation in a rat model of myocardial infarction
suggested a role for complement in I/R [12]. Weisman et al.
[13] subsequently demonstrated in a rat myocardial model that
I/R injury was dramatically reduced by pretreatment with a
modified form of a natural inhibitor of complement, soluble
CRI1 (sCR1). Since then, a similar approach has shown that I/
R injury in multiple tissues could be reduced or blocked by
pretreatment with sCR1 [16,17]. These studies led to the
examination of how complement was activated during the
early stages of I/R injury.

Three pathways leading to activation of the complement
system have been identified, i.e. the classical, lectin, and
alternative pathways. Each is activated by different initiators,
but all converge to complement protein C3 and are followed by
a common cascade [18]. Although antibody—antigen interaction
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is traditionally recognized as activating via the classical
pathway, new evidence suggests that certain antibodies also
activate the lectin pathway [19,20].

The first indication that serum antibody may be involved in
complement-mediated I/R injury came from studies of hind
limb I/R by Weiser et al. [21]. Using knockout mice deficient in
complement proteins C3 or C4, they found that an intact
pathway of complement was required for full I/R injury in hind
limb. Thus, mice deficient in C4, the protein which is activated
in the classical and lectin pathways, were protected to a degree
similar to C3-deficient mice or to wild-type mice (WT) treated
with sCR1. The finding that C4 was involved suggested that the
complement system might be activated by serum antibody.
Subsequent experiments confirmed a role for serum immuno-
globulin and identified IgM as the important isotype. Thus,
mice bearing a genetic deficiency in the Recombination
Activation Gene-1 (RAG-1""), and thus do not develop mature
B and T lymphocytes, failed to develop full injury, but
reconstitution with fresh pooled serum [21] or with pooled
WT IgM [22] restored full injury.

The suggestion that specific, pre-existing, or natural [gM was
important in I/R came from studies using mice bearing a genetic
deficiency in the Cr2 locus which encode complement receptors
CD21 and CD35 [23,24]. Cr2”~ mice have an impaired
humoral response to T-dependent and T-independent antigens
due to both an intrinsic defect in B cell activation and reduced
antigen trapping on FDC [23,24]. Although the mice have
normal levels of circulating IgM, it was proposed that their
repertoire might be limited given the impaired responsiveness of
their B cells. Examination of the mice in the intestinal I/R model
revealed a significant reduction in injury that was reversed by
reconstitution with pooled IgM prepared from WT mice but not
Cr2™" mice [25,26]. By contrast, reconstitution with pooled
WT IgG did not cause histological injury, although it did
augment neutrophil infiltration when combined with IgM [25].
Thus, it was suggested that injury is mediated by specific clone
(s) of natural IgM [25,26]. More recently, a single IgM clone
isolated from a panel of natural IgM-producing hybridoma cells
was identified that was sufficient to reconstitute I/R injury in
both the intestinal and hind limb I/R models [27,28].

To determine if specific natural IgM mediates the acute
inflammatory response in the myocardial I/R, we examined
Cr2™"~ and RAG-1"" mice in a left anterior descending (LAD)
coronary artery model [29,30]. Significantly, myocardial infarct
size, frequency of apoptotic cardiomyocytes and number of
infiltrating neutrophils relative to the WT controls were found to
be dependent on WT IgM. Reconstitution of Cr2™"~ and RAG-
17" mice prior to ischemia with WT IgM restored full injury.
These results suggest a pathogenic mechanism by which
myocardial I/R injury is mediated by naturally occurring IgM.

2. Methods
2.1. Animals

Cr2”"" mice were constructed as described using the
approach of homologous recombination in embryonic stem

cells which introduces a frameshift mutation and a stop codon
disrupting the coding for Cr2 coding region and bred onto the
C57BL/6 background for at least 10 generations [23]. RAG-
17"~ mice (C57BL/6 background) which were purchased from
Jackson Laboratory (Bar Harbor, ME) were originally devel-
oped by homologous recombination as described [31], as a
result a 1356 bp deletion which occurred in the 5’ end of RAG-1
gene coding sequence. Animals were maintained in the animal
facilities of Harvard Medical School and Baylor College of
Medicine according to Federal and State regulations.

2.2. Mouse model of myocardial ischemia—reperfusion injury

An established murine myocardial model was used in this
study [29]. Briefly, animals are anesthetized by an intraperitoneal
injection of pentobarbital sodium, 40 mg/kg weight. Reconsti-
tution with IgM is achieved by intravenous administration 30 min
prior to surgery. Midline sternotomy followed by sternal
retraction is performed to permit the visualization and ligation
of the left anterior descending (LAD) coronary artery under a
microscope (Stemi 2000-C, Carl Zeiss, Thornwood, NY) as
described by Michael et al. [29]. Reperfusion of the previously
occluded coronary bed is confirmed by visual inspection and
surface electrocardiogram changes. The chest is then closed, and
the animal allowed to recover under a heating lamp. Physiologic
variables, including heart rate, core body temperature, and ECG,
were monitored and carefully controlled within the normal range
throughout the experiments. To assess the infarct size, the heart is
harvested 24 h after LAD occlusion. The aorta is cannulated with
a 22-gauge Luer stub, and LAD is re-occluded before 1% Evans
Blue is perfused into the aorta and coronary arteries with
distribution throughout the ventricular wall proximal to the
coronary artery ligature. After this procedure, the heart is
sectioned transversely into four sections, with one section being
made at the site of the ligature. Sections of the ventricle are then
incubated in 1.5% triphenyltetrazolium chloride (TTC). After
TTC staining, viable myocardium is brick red and the infarct
appears pale white. The sections are weighed. The apical side of
each slice is imaged, and the area of infarction for each slice is
determined by computerized planimetry using an image analysis
software program (Image Tools, Houston, TX). The size of
infarction is determined by the following equations:

Weight of infarction = (4; x Wt;) + (4 x Wty) + (43
X Wt3) + (A4 X Wt4)

where 4 is percent area of infarction by planimetry and Wt is the
weight of each section. Percentage of infarcted LV = (weight of
infarction/weight of LV) x 100. Area at risk (AAR) as a
percentage of LV = (weight of LV — weight of LV stained blue)/
weight of LV x 100).

2.3. Immunohistochemistry for neutrophils

Neutrophils in the infarcts were analyzed after 24 h re-
perfusion as previous studies showed neutrophil infiltration
peak after 24 h reperfusion [32]. Tissues are fixed in 10%
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paraformaldehyde or Z-fix (Anatech, Battle Creek, MI) for at
least 3 h, dehydrated with ethanol (50-100%), cleared with
xylene, and embedded in paraffin. The sections (5 um thick)
were rehydrated with deionized water in preparation for
immunohistochemistry. Staining for neutrophils was performed
as described previously [33]. Briefly, rat anti-mouse neutrophil
monoclonal antibody AMU-0021 (Biosource, Camarillo, CA)
was used as a primary antibody and anti-rat IgG biotinylated
monoclonal antibody as a secondary antibody (Vectastain, ABC
Kit Peroxidase Rat IgG PK-4004, Vector Laboratories, Burlin-
game, CA) [32]. Neutrophils were counted manually using an
Axioskop microscope (Carl Zeiss) at a power of 400x.
Neutrophil numbers in each section were expressed per 400%
power field of section.

2.4. Assessment of cardiomyocyte apoptosis

To determine the prevalence of apoptosis after LAD
occlusion, an in situ DNA ligase technique (Serologicals,
Norcross, GA) was used that identifies only double-stranded
DNA breaks with single 3’ base pair overhangs that are more
characteristic of DNA breaks that occur during apoptosis [34].
Studies were performed in myocardial sections (» = 10/heart)
obtained 6 h after LAD ligation. Previous studies showed that
the maximal frequency of apoptosis occurred at 6 h in the WT
mice, and there was no significant difference in the frequency of
apoptosis between 6 and 24 h [34,35]. Apoptotic cell nuclei
detected by the ligase assay were stained with fluorescein.
Sections were counterstained with the nucleic acid binding dye
DAPI (4’,6-diamidino-2-phenylindole) to visualize the entire
population of cell nuclei within each myocardial section. Two
different sections per slice and per heart were analyzed for each
experiment. To determine the fraction of myocyte nuclei that
were labeled, we determined the total number of myocyte nuclei
per unit area of the myocardium (10,000 um?) by enumerating
the number of DAPI (4,6-diamidino-2-phenylindole)-stained
myocyte nuclei; final results were expressed as follows: (number
of positively labeled nuclei/total number of DAPI stained nuclei
per 10,000 pm?) x 100%.

3. Results

To examine the role of natural IgM in myocardial infarction,
mice bearing either a selective (Cr2")ortotal deficiency (RAG-
177) in IgM were examined in a myocardial I/R model [29].
Previous study of peripheral blood leukocytes in Cr2~~ mice
found no inherent reduction in either the total cell numbers or the
ratios of peripheral mononuclear cells to granulocytes compared
with that of WT mice [23]. In contrast, natural [gM-producing B-
la cells reduce 50% in Cr2”~ mice [23]. In the present
myocardial I/R study, infarct size was significantly reduced
two-fold in Cr2”" mice versus WT controls after 1 h LAD
occlusion and 24 h of reperfusion (% infarct/ AAR: 32.7 + 3.4 vs.
16.8 + 3.8 respectively, P < 0.05, n = 6 per group) (Fig. 1). A
similar reduction was observed in RAG-1"" mice (% infarct/
AAR:8.7+2.3,P<0.01 compared with WT controls, n = 6 per
group) (Fig. 1). To further determine that natural IgM can directly
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Fig. 1. Decreased myocardial infarct size in Cr2”~ and RAG /" mice. Animals
were subjected to LAD occlusion for 1 h followed by 24 h reperfusion.
Myocardial infarcts were delineated by Evans Blue and TTC staining. Infarct
size is expressed as a percentage infarct of area at risk (AAR). Results represent
means £ SEM (*P < 0.05, **P<0.01 compared with WT control, n = 6 per

group).

mediate myocardial infarction in WT mice, Cr2~~ and RAG-1""~

mice were reconstituted with pooled WT IgM 30 min prior to I/R
surgery (i.v. 400 ug WT IgM). Notably, infarct sizes similar to
that of WT mice were observed (%infarct/ AAR: Cr2™~ with WT
IgM =24.4+5.5; P=0.171 compared with WT controls; RAG-
17 with WT IgM = 24.3 + 2.7; P = 0.054 compared with WT
controls; WT mice = 34.8 + 4; n = 6 per group) (Fig. 2). Thus,
similar to the intestinal and hind limb models, natural IgM can
directly mediate myocardial damage in infarction.

Myocardial I/R injury in this model is characterized by both
necrosis and apoptosis [6]. To determine if natural IgM is
involved in apoptosis of cardiac myocytes, an in situ DNA
ligase assay was performed to assess the frequency of apoptotic
cells in the AAR at 6 h post-reperfusion [34,36]. A two-fold
reduction in the frequency of apoptotic cardiomyocytes was
observed in hearts prepared from Cr2 ™"~ mice relative to that of
WT controls (% Positive Ligase Nuclei: 2.5 + 0.4 vs. 5.2 + 1.1,
respectively, P < 0.05, number of WT mice = 11, number of
Cr2™"~ mice = 7) (Fig. 3). Reconstitution of Cr2™"~ mice with
WT IgM restored apoptosis to the WT level (4.9 £ 1.3, n =4)
(Fig. 3).

A hallmark of myocardial I/R injury is neutrophil infiltration
[2,11,37,38]. To determine if natural IgM operates upstream of
neutrophil infiltration, heart sections were characterized by
immunohistochemistry after LAD occlusion of 1 h and reperfu-
sion for 24 h. Approximately two-fold reduction of the neutrophil
number in the infarct zone was observed in hearts prepared from
Cr2™"" mice (neutrophil number/power field: WT = 101 + 36;
Cr2”~ =55+ 24, P<0.05; number of WT mice = 11, number of
Cr2”" mice =7) (F ig. 4). Furthermore, reconstitution of 2
mice with WT IgM prior to ischemia restored neutrophil
infiltration to that of WT level (102 & 26, n = 4) (Fig. 4).

4. Discussion

Our results identified a pathogenic role for natural IgM in
myocardial reperfusion injury. We found more than two-fold of
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Fig. 2. Restoration of myocardial reperfusion injury in Cr2”'~ and RAG /™ mice
by WT IgM. Animals were reconstituted with 400 ng WT IgM by intravenous
injection 30 min prior to myocardial I/R surgery. Infarct size was assessed as
described in Fig. 1 (n = 6 per group). Results represent means + SEM.

reduction in infarct size in both Cr2”~ and RAG1™~ mice
compared with WT controls in the LAD occlusion model (Fig.
1). Moreover, neutrophil infiltration and apoptosis of cardio-
myocytes were reduced in Cr2”~ versus WT mice (Figs. 3 and
4). The limited injury is due to IgM as reconstitution of the IgM
deficient mice with pooled WT IgM restored full injury (Fig. 2).

One interpretation of the results is that neoepitope(s) are
expressed or exposed during myocardial ischemia and recog-
nized by specific natural IgM following reperfusion. This
possibility is supported by similar findings in our studies of I/R
injury in Ig deficient mice in both intestinal and hind limb
models [27,28].

The molecular events leading to the exposure of self-antigen
during I/R are unknown. One possibility is that organ ischemia,
thus, hypoxia to cells, leads to cell membrane disturbance
revealing intracellular components. It was reported that, during
the earliest phase of reperfusion (minutes), cardiomyocytes
could develop hypercontracture and concomitantly rupture the
cellular membrane [4]. In addition, the generation of reactive
oxygen species (ROS) during ischemia followed by a ROS burst
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Fig. 3. Reduced apoptosis of cardiac myocytes in Cr2~~ mice and restoration of
apoptosis by reconstitution of WT IgM. Apoptosis frequencies of cardiac
myocytes were examined after 6 h of reperfusion. Numbers of experimental
animals: WT =11, Cr2™~ =7, Cr2™~ + IgM = 4 (*P < 0.01 comparing Cr2 "~
with WT mice, **P < 0.05 comparing Cr2”"~ mice with or without WT IgM).
Results represent means + SEM.
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Fig. 4. Decreased neutrophil infiltration in Cr2”'~ mice and restored by WT IgM
reconstitution. Neutrophil density in the infarct was quantified after 24 h
reperfusion. Numbers of experimental mice: WT=11,Cr2” =7, Cr2”" +IgM =
4 (*P<0.01 comparing Cr2”~ with WT mice, **P < 0.05 comparing Cr2”~ mice
with or without WT IgM). Results represent means + SEM.

during reperfusion induces lipid peroxidation [39] and alteration
of cytoskeletal structures [40], thus, possibly exposes specific
self-antigen. Alternatively, apoptosis during ischemia could
expose self-antigen resulting in binding of IgM in reperfusion.

How natural IgM induces direct apoptosis in reperfused
myocardium remains unclear; however, IgM-dependent apo-
ptosis was also observed in normal and tumor epithelial cells
[41,42]. Presumably in the latter two cases, cell death pathway
was triggered by direct [gM binding to a neoepitope on the cell
membrane.

Acute inflammation could be induced by IgM-antigen
interaction through activation of the complement system which
produces the potent anaphylatoxins C3a and CS5a, activating
mast cells [43], and neutrophils [2,11]. In a recent report,
Krijnen et al. showed that IgM colocalizes with complement
and C reactive protein in infarcted human myocardium,
indicating that IgM targets complement locally to jeopardized
cardiomyocytes after acute myocardial infarction [44]. Evi-
dence of complement activation in myocardial I/R includes
deposition of terminal complement complex within reperfused
heart tissues [45,46] and reduction in myocardial injury in
complement deficient animals [47] and in animals treated with
complement inhibitors [48,49].

Recent studies also suggested a role lectin pathway of
complement in both intestinal [50] and myocardial [51] I/R
models. In those reports, inhibition of mannose binding
lectin (MBL) blocked complement activation and led to a
reduction in I/R injury. Given our results with IgM and the
observation that MBL binds IgM [19,20], a unifying model
explaining both sets of results is that IgM first recognizes
altered cell surface providing a binding site for MBL which
subsequently leads to activation of the lectin-complement
pathway. Indeed, preliminary results identifying IgM binding
to ischemic intestinal tissue in MBL-a/c double knockout
mice support this speculation (Zhang and Carroll, unpub-
lished observation).

In summary, the current study supports a novel mechanism
of myocardial reperfusion injury mediated by natural IgM, and
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further understanding of this mechanism may help develop
clinical strategies for ischemic heart disease.
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