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ABSTRACT

Activated polymorphonuclear neutrophils (PMN) contribute to decreased myocardial
contractility after ischemia-reperfusion and in models of sepsis. To determine how PMN
could contribute to myocardial dysfunction, rat ventricular cardiomyocytes were isolated
and incubated with TNFa 20 ng/mL, IL-1 p 20 ng/mL or LPS 10 pg/mL for 3 hours.
Cardiomyocytes were then washed, co-cultured with isolated rat PMN for 2 hours, and
electrically stimulated to determine fractional shortening (FS) using videomicroscopy.
PMN co-cultured with activated cardiomyocytes reduced fractional shortening by 30±10%
(p<0.001). Fractional shortening of cardiomyocytes with adherent PMN decreased by 2:8±0.3% per adherent PMN (p<0.001).

Fixing PMN with paraformaldehyde or

gluteraldehyde did not prevent PMN-mediated decreases in cardiomyocyte fractional
shortening. PMN adherence and the PMN-mediated decrease in fractional shortening
were prevented by anti-ICAM-1 and anti-CD18 antibodies. Reduced fractional shortening
by 36 ± 3% was reproduced in the absence of PMN by ICAM-1 binding using crosslinking antibodies. To determine whether this reduction in fractional shortening could be
through coupling of ICAM-1 receptors to the cardiomyocyte cytoskeleton, we disrupted Factin filament assembly by pre-incubating cardiomyocytes for with cytochalasin D (10
|iM) or latrunculin A (10 u,M) respectively for 2 hours. These compounds did not prevent
PMN adherence but significantly reduced the effect of adherent PMN on cardiomyocyte
contractility. Latruculin A and Cytochalasin D also reduced the effects of ICAM-1 crosslinking mediated decrease in cardiomyocyte contractility. Inhibiting MEK1 using PD98059

ii

had no effect while inhibition of RhoA using HA-1077 prevented the ICAM-1 mediated
decrease in cardiomyocyte contractility. Immunofluorescent staining demonstrated that
ICAM-1 cross linking increased total focal adhesion kinase (FAK) expression in the
cortical cytoskeleton. Focal adhesion kinase (FAK) phosphorylation on tyrosin 397 was
lower in the 3 hours ICAM-1 cross-linked group compared to control. Erk1/2 and P38
MAPK were not significantly different in the two groups. We conclude that PMN decrease
cardiomyocyte contractility by binding to ICAM-1, which mediates part of the decreased
contractility through RhoA and the cardiomyocyte cytoskeleton.
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CHAPTER 1: INTRODUCTION

1.1

Terminology and epidemiology of sepsis and septic shock

One possible definition for sepsis is the presence of various pathogenic organisms and
their toxins in the blood or tissues, while septic shock is defined as the system's
response to an invasive infection caused by these organisms. The incidence of sepsis
has increased 139% over the past ten years despite progression in management and
therapy for septic shock .
1

Awareness of physicians, increased numbers of immuno-incompetent patients, older
patient populations, and increased numbers of surgical and invasive procedures are
some reasons explaining the increase in sepsis incidence. Furthermore existence of
resistant microorganisms also contribute in this matter. The mortality rate of septic
patients also depends on the number and severity of organ dysfunction. The incidence
of sepsis and septic shock has not been clear because in the past there was no uniform
term for definition of sepsis and septic shock. This also affects the statistical and
epidemiological issues in this matter - . In the past a diagnosis of sepsis often required
3

4

the presence of a positive blood culture result, leukocytosis, and often times evidence of
hypotension or shock. Early diagnosis of sepsis and septic shock is a very important
step in the prognosis. Therefore medical staff have a very important role in diagnosis
and even prognosis of septic patients by considering patient signs and symptoms. This
means that awareness of medical staff about the possible signs and symptoms in high
1

risk patients is an important issue. It is really important to consider the probability of
sepsis existing in immuno-incompetent and post-operative patients.

To address some of the above issues, the American College of Chest Physicians and
the Society of Critical Care Medicine proposed new definitions for sepsis (Figure 1) .
3

They recognized that sepsis was the systemic inflammatory response to a documented
infection, but acknowledged that this response also may be observed in a number of
other clinical conditions

5 _ 8

. They concluded that sepsis was a continuum of injury

response, ranging from sepsis to septic shock, to multi-organ dysfunction syndrome
(MODS).

2

A C C P / S C C M C o n s e n s u s C o n f e r e n c e Definitions of S e p s i s , S e v e r e
Sepsis, and Septic S h o c k *
S y s t e m i c I n f l a m m a t o r y R e s p o n s e S y n d r o m e ( S I R S ) . T h e s y s t e m i c inflammatory r e s p o n s e to a wide variety of s e v e r e clinical insults, m a n i fested by two or m o r e of the following conditions:
1. T e m p e r a t u r e > 3 8 ° C or < 3 6 ° C
2. Heart rate > 90 beats/min
3. Respiratory rate > 20 breaths/min or P a c o < 32 m m H g
'
4. White b l o o d cell count > 1 2 , 0 0 0 / m m , < 4 0 0 0 / m m , or >
10%
immature (band) forms.
••
S e p s i s . T h e s y s t e m i c inflammatory r e s p o n s e to a d o c u m e n t e d infection-.
In a s s o c i a t i o n with infection, manifestations of s e p s i s are the s a m e a s
those previously defined for S I R S . It s h o u l d b e determined whether they
are a direct s y s t e m i c r e s p o n s e to the p r e s e n c e of an infectious p r o c e s s
a n d represent a n acute alteration from baseline in the a b s e n c e of other
known c a u s e s for s u c h abnormalities. T h e clinical manifestations w o u l d
include two or m o r e of the following conditions a s a result of a d o c u m e n t e d infection:
1. Temperature > 3 8 ° C or < 3 6 ° C
2. Heart rate > 90 b e a t s / m i n
3. Respiratory rate > 20 breaths/min or P a c o < 32 m m H g
4. White b l o o d cell count > 1 2 , 0 0 0 / m m , < 4 0 0 0 / m m , or >
10%
immature (band) forms.
S e v e r e S e p s i s / S I R S . S e p s i s ( S I R S ) a s s o c i a t e d with organ dysfunction,
hypoperfusion, or h y p o t e n s i o n . H y p o p e r f u s i o n a n d perfusion a b n o r m a l i ties m a y include, but are not limited to, lactic a c i d o s i s , oliguria, or a n ,
acute alteration in mental status.
S e p s i s ( S I R S ) - l n d u c e d H y p o t e n s i o n . A systolic blood p r e s s u r e < 90 m m
H g or a reduction of s 40 m m H g from b a s e l i n e in the a b s e n c e of other
c a u s e s for hypotension.
S e p t i c S h o c k / S I R S S h o c k . A s u b s e t of s e v e r e s e p s i s ( S I R S ) a n d d e f i n e d
a s s e p s i s ( S I R S ) - i n d u c e d h y p o t e n s i o n despite a d e q u a t e fluid r e s u s c i t a tion a l o n g with the p r e s e n c e of perfusion abnormalities that m a y include,
but are not limited to, lactic a c i d o s i s , oliguria, or a n acute alteration in
mental status. Patients receiving inotropic or v a s o p r e s s o r a g e n t s m a y n o
longer b e hypotensive by the time they manifest hypoperfusion a b n o r m a l ities or o r g a n dysfunction, yet they would still b e c o n s i d e r e d to h a v e
septic ( S I R S ) s h o c k .
M u l t i p l e O r g a n D y s f u n c t i o n S y n d r o m e ( M O D S ) . P r e s e n c e of altered
o r g a n function in a n acutely ill patient s u c h that h o m e o s t a s i s cannot b e
maintained without intervention.
2

3

3

2

3

3

'From Bone R C , Balk RA, Cerra FB, et al: American College of Chest Physicians/
Society of Critical Care Medicine Consensus Conference: Definitions for sepsis and
organ failure and guidelines for the use of innovative therapies in sepsis. Chest
101:1644-1655, 1992; with permission.

Figure 1- Definition of Sepsis and Septic Shock. (Adapted from Balk et al. Crit
Care Clin V 16, (2) p 179-92)

3

Septic shock is due to the spread of infection from an initial site to the systemic
circulation. Some of the common causes of septic shock are:

1) Pneumonia and subsequent spread of a gram-positive or gram-negative infection.
2) Peritonitis, caused by the leak from the gut from an intestinal disease or wounds.
3) Infection spreading into the blood from the kidney or urinary tract, commonly caused
by gram-negative bacilli.
4) Post surgical wound infections.
5) Cutaneous or deeper gangrenous infection resulting from gram positive or anaerobic
organisms spreading first through the tissues, then to the blood .
9

Sepsis, and septic shock, and the adverse sequels of the systemic inflammatory
response to infection are among the most common causes of death in noncoronary
intensive care units. It has been estimated to occur in 1 % of all hospitalized patients,
affecting more than 40,000 people in Canada every year

10,11.

There are approximately

400,000 to 500,000 septic episodes each year in the United States .
3

Mortality rates of patients suffering from sepsis range from 20-30%.

Based on the hypothesis that excessive levels of inflammation during infection can
mediate the organ dysfunction, the pathogenesis of septic shock, and lethality of sepsis
and septic shock, different therapies have been proposed. Various anti-inflammatory
agents have been used in human clinical trials. Some of those anti-inflammatory agents

are: mediator-specific nonglucocorticoid anti-inflammatory agents, IL-1 ra, soluble TNF-cc
receptors, anti-TNF-a antibodies, bradykinin antagonists, PAF antagonists and antiprostaglandins. Unfortunately the results in all trials in humans have been disappointing
and failed to show significant beneficial effect on outcome until this y e a r . It seems in
18

the pathogenesis of systemic inflammatory response and septic shock, other important
mechanisms are involved. One may think that there is some intracellular signal both in
inflammatory and target cells.

1.2

Pathogenesis of sepsis and septic shock

The mechanisms of sepsis and septic shock start with infection and endotoxin
production. Endotoxin or products from bacterial cells activate the host defense system,
which has two parts, the plasma protein and the cellular defense systems. Activation of
the plasma protein system leads to activation of complement, kallikrein-kinin and
coagulation cascades. Cellular defense systems can activate endothelial cells,
macrophages, monocytes, lymphocytes and neutrophils. Cellular activation leads to a
series of mechanisms including production

of toxic oxygen metabolites,

lipid

metabolites, growth factors, nitric oxide, proteases, adhesion proteins, and cytokines.
These products induce septic shock symptoms (Figure 2).

The neutrophil (PMN) is a central cellular defense type in the mediation of the
inflammatory response and its recruitment, activation, and cytotoxic capability are
essential aspects of the body's ability to ward off infection. It is important to appreciate

that a large part of bone marrow is responsible for PMN production. Bone marrow
weighs about 2600 grams and about 55% to 60% of bone marrow is dedicated to the
production of neutrophis

1 9

.

Adhesion and transmigration of leukocytes across the endothelial cell layer is a multistep process involving sequential interaction of specific adhesion molecules on the
endothelial surface with counterreceptors on the leukocyte surface (Figure 3). The first
step is rolling of the leukocyte on the endothelial surface mediated by selectins
expressed on the surface of activated endothelial cells. Selectin molecules interact with
sialyl lewis carbohydrate groups expressed by leukocytes, causing the free flow of the
cells to be slowed down, resulting in rolling and allowing subsequent steps.
The second step is activation of tethered PMN, which is achieved by triggering
molecules such as selectins, platelet activating factor, C5a, chemokines and other
inflammatory mediators. Interaction of inflammatory cell receptors with the chemokines
leads to expression of the integrin family of proteins, LFA-1 (lymphcyte function antigen1 or CD11a/CD18), and Mac-1 (Macrophage association complex-1 or CD11b/CD18),
causing them to interact with their ligands (ICAM-1, -2 and -3)

2 5

.

The third step is firm adhesion which is mediated by interaction of pVintegrins
(CD11a/CD18 and CD11b/CD18) with their ligands . The final step is transmigration,
2 6

which is mediated by other adhesion molecules

6

2 7

• .
2 8

Infection
I
Bacterial toxins released
Host defence system activated

I
Plasma protein systems

V
Kallikrein-kinin

Endothelial
cells

Neutrophils

Monocytes

(Lymphocytes)

(Macrophages)

Proinflammatory mediators released
Cytokines

Lipid'
metabolites

Proteases Toxic oxygen Growth Adhesion Nitric
products factors proteins oxide

Selectins
Tumor
Leukotrienes, Elastase, Superoxide, G-CSF
necrosis prostaglandins collagenase H 0 ,OH» TGF-p ICAMs,
CD11/18
factor (TNF)l
2

2

Platelet
Interleukin 1 activating
(IL-1)
factor (PAF)
IL-6, IL-8
other
cytokines

Figure 2- Pathogenesis of sepsis and septic shock. (Adapted
inflammation Basic principles and clinical correlates 3 Edition)
rd

7

from

Figure 3- Leukocyte adhesion and diapedesis steps through endothelial cells
and their receptors integration. (Adapted from R & D system)

8

1.3

Myocardial dysfunction during sepsis

In 40% of cases, sepsis is complicated by cardiovascular dysfunction, causing a
dramatic increase in the mortality rate, from 40-70% in septic shock .
9

Ejection fraction is decreased in septic humans and recovers to normal values over
approximately ten days 9

observed

1 3

1 2

. In animal models of sepsis similar changes have been

- . One important characteristic of this cardiovascular dysfunction is the
1 5

decrease in left ventricular contractility

1 6

. Unfortunately, the cause of decreased

contractility is not fully understood. In general, left ventricular dysfunction is an important
cause of cardiovascular dysfunction in critically ill and septic patients. It is important
because of its reversibility in those patients. Hypoxia, anemia, respiratory acidosis, down
regulation of myocardial beta receptors, metabolic acidosis, low levels of serum ionized
calcium, circulatory myocardial depressants such as TNFcx, IL-1p and other cytokines
and activated leukocytes are among the several important causes of acute left
ventricular dysfunction in septic patients. However the late decrease in cardiac output
leading to death may involve significant decreases in systolic contractility and increases
in diastolic stiffness

1 7

.

PMN may play a role in myocardial dysfunction of sepsis. In animal models of sepsis,
leukocytes are slowed and retained in myocardial capillaries . This is associated with
2 0

capillary endothelial and cardiomyocyte damage, myocardial edema and decreased
contractility

2 1

• . Activated leukocytes have been shown to decrease left ventricular
2 2

function . Activated leukocytes, especially neutrophils, play the same role in animal
2 3

9

Figure 4- Adhesion molecules expression in inflammation. (Adapted from
Bevilacqua et al. Annu Rev Med, 1994, V 45, p361-78)

10

models of ischemia-reperfusion

2 2

«

2 4

In the systemic inflammatory syndrome activation of endothelium is associated with
expression of different adhesion molecules such as selectins and the ICAM family
receptors (Figure 4). It is important to understand the structure and mechanisms of
receptor activation in the inflammatory reaction. ICAM-1, which is one of the most
important receptors in leukocyte-target cell interaction, may play a role in myocardial
dysfunction.

1.4

Intercellular adhesion molecule-1 f ICAM-1) structure and ligands

ICAM-1, a 76-114 Kd glycoprotein, is expressed in both normal and activated cells. It is
a member of the immunoglobulin gene superfamily, which includes other adhesion
molecules such as neural crest adhesion molecule-1 (NCAM-1) and myelin adhesion
glycoprotein. It contains five extracellular Ig domains, a transmembrane domain, and a
short cytoplasmic tail at its C terminal. Alternatively, different sorts of ICAM-1, which lack
some parts of Ig domains, are expressed in low levels in normal mice. A soluble form of
ICAM-1 has been found in normal human plasma at levels of 100-200 ng/ml 29

3 0

. This

level increases markedly in many inflammatory reactions . ICAM-1 is a ligand for pV
3 1

integrins on leukocytes. Dustin etal have shown interaction between LFA-1 and ICAM-1.
They could prevent this interaction by using anti-ICAM-1 monoclonal antibody. LAD
(Leukocyte Adhesion Deficiency) lymphoblasts or neutrophils which lack CD11/CD18

11

receptors, fail to adhere to ICAM-1 substrates

3 2

<

3 3

ICAM-1 is widely distributed in different cells including endothelial cells, fibroblasts,
dendritic cells, keratinocytes, other mesenchymal cells, or cell lines in certain epithelial
cells and cardiomyocytes . Expresion of ICAM-1 in non-hematopoietic cells is low but
3 4

surface expression is markedly up-regulated by various types of inflammatory mediators
including LPS, IL-1p\ TNFoc, and IFNy - . Cytokines can increase ICAM-1 production
35

3 6

after 2-4 hours and maximal production occurs 18 to 24 hours after stimulation.
Upregulation of ICAM-1 by cytokines or LPS also facilitates neutrophil binding to and
migration through a cultured endothelial cell monolayer in vitro, a process involving the
interaction of ICAM-1 with LFA-1 and Mac-1. Immunofluorescence studies have shown
a punctuate distribution of ICAM-1 on endothelial cells and cardiomyocytes . Localized
3 4

distribution of ICAM-1 may facilitate its interaction with LFA-1 and Mac-1. ICAM-1 on the
cell surface presents as a homodimer, which may facilitate high-affinity interaction with
LFA-1 '
3 7

3 3

ICAM-1 has been shown to function as a ligand for fibrinogen , and as a

receptor for rhinoviruses

3 9

4 0

and Plasmodium falciparum

4 1

.

Smith et al have shown that the adhesion of PMN to ICAM-1 on stimulated endothelial
cells is largely Mac-1 dependent but in the un-stimulated cell it is exclusively dependent
on LFA-1 . Lo et al showed that a mixture of anti ICAM-1 monoclonal antibodies only
3 2

partially inhibited cell binding, suggesting that Mac-1 and/or LFA-1 may be interacting
with non-ICAM-1 ligands on LPS-elicited endothelium . Another study by Smith
4 2

showed that, only some kinds of anti ICAM-1 can prevent the interaction of both LFA-1

12

and Mac-1 and other ICAM-1 antibodies only prevent LFA-1 interaction. It has been
shown that LFA-1 and Mac-1 bind to different domains of the ICAM-1 molecule.

1.5

Intracellular domain of ICAM-1

One important part of ICAM-1 is the intracellular domain, which is connected to different
intracellular structures including the actin cytoskeleton. Carpen et al have shown that a
specific region of ICAM-1, 478-505-peptide, interacted with alpha-actinin in COS cells
4 3

. This region is close to the cell membrane spanning region and contains several

positively charged residues and appears to mediate a charged interaction with alphaactinin, which is not highly dependent on the order of the residues. In another study,
Vogetseder and his colleagues, have shown that the intracellular domain of ICAM-1 is
associated with actin filaments in endothelial cells . Koyama et al. have shown that
4 4

cross-linking of ICAM-1 on synovial cells induced IL-1p transcription and AP-1
(transcription factor) activation. They concluded that ICAM-1 functions not only as a glue
for integrin binding, but also as a transducer for AP-1 activation signals that are
important for IL-1(3 gene transcription

4 5

. A study on brain microvessel endothelial cells

has shown tyrosine phosphorylation of the cytoskeleton-associated protein, cortactin,
after ICAM-1 activation

4 6

. Etienne et al have also found that ICAM-1 cross-linking on

brain endothelial cells participated in cellular shape changes and gene regulation '. All
47

of this evidence indicates that ICAM-1 activation can induce some intracellular changes
and signals, which may be related to the intracellular cytoskeleton proteins. There is
some evidence that ICAM-1 is associated with the cortical cytoskeleton. To understand
13

this, the next section will provide some information about the structure and kinetics of
actin filaments.

1.6

Cytoskeleton

The cytoskeleton is a filamentous network of F actin, microtubules, and intermediate
filaments, composed of one of three chemically distinct subunits, actin, tubulin, or one of
several classes of intermediate filament proteins (Figure 5)

4 8

.

One of the most important structures in terms of modifying a cell's response to
mechanical deformation is the cortical cytoskeleton. This structure, by providing bilayer
protection while preserving cell deformability, allows dramatic changes in cell shape and
size during growth and differentiation and permits rapid cell movements.

The basic function of the cortical cytoskeleton is to support the fluid bilayer, thereby
providing the cell membrane with shear rigidity. Cortical cytoskeleton can induce a
scaffolding in the membrane and decrease the radius of curvature of that specific local
point. This induces nonspherical geometries for the cell. Therefore the membrane can
reduce the total tension. Hamill et al explained the effect of Laplace's law (T = P. R/2) in
the membrane. He also explained that the cortical cytoskeleton can preserve the
structure of membrane by anchoring to some proteins in membrane and in the
subcortical cytoplasmic space . Ingber was the first person to suggest a tensegrity
4 9

14

Figure 5- Cytoskeletal filaments connection and position in tensegrity model.
AA.BB.CC = Microtubules Struts AB.AC.BC = Microfilament Cabels
OA,OB,OC = Intermediate Filamen (Adapted from Janmey, Physiol Rev, V 78, (3)
p763- 81)

15

model to explain the cellular cytoskeleton behaviour. It has been suggested that
extracellular information, especially mechanical forces, can be sent to the cellular
nucleus by this highly integrated organ, the cytoskeleton. Actin is the major component
of this structure.

1.7

Actin Filaments

Actin is the most abundant protein in many eukaryotic cells. It constitutes 5% or more of
the total cell protein. Actin exists in two different structures in all kinds of cells, Globular
actin or G actin and filamentous actin or F actin, which has two negative and positive
heads. Almost 50% of actin is in the form of G actin. Dynamically F actin and G actin
interconvert producing many characteristics of the cell. Actin is distributed throughout
the cytoplasm, making a dense network beneath the membrane with other associated
proteins. This network constitutes the cell cortex, which is very important in cell
mechanical strength, shape, moving and, recently recognized, in cell signaling.
Thickness of cell cortex varies in different cells. The plasma membrane is closely
integrated with the cortical actin network.

Actin molecules in a test tube can assemble spontaneously into filaments in the
presence of ATP. Actin polymerization has different stages. In the first stage, three actin
monomers come together and make a start point for assembly, which is the nucleation
stage. The second stage, polymerization, rapidly begins by adding additional actin
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monomers to the end of this trimer. This is a reversible stage for actin assembly.
Eventually the concentration of actin monomer falls to a point where monomers add to
the filament at the same rate as they dissociate. This concentration is known as the
critical concentration. The critical concentration is dependent on the actin monomer
concentration. Both the nucleation and polymerization of actin in the cell are controlled
by various actin-binding proteins, which therefore determine both the position and length
of actin filaments. The growth rate of actin filament is 5 to 10 times faster at the positive
end than the negative end of the filament. It has been shown that in vivo actin
polymerization occurs almost always at the positive end. Therefore, by anchoring the
positive end of filaments in a specific orientation, the cell can determine the rate and
direction of growth of the filaments. In the live cell, actin monomers separate from the
negative end and add to the positive end, a process which is called treadmilling. This
process needs energy supplied by ATP hydrolysis

5 0

.

There are three isoforms of actin in higher eukaryocytes. Alpha actin is found in muscle
cells and beta and gamma actins are present in nonmuscle cells . Actin filaments are
5 1

often linked together into a stiff three-dimensional network by cross-linking proteins. The
most important of these is filamin, a long flexible molecule composed of two identical
polypeptide chains joined head to head, with a binding site for actin filaments at each tail
end. Gelsolin is another, 90 KD, protein for actin binding. When activated by the binding
of Ca , gelsolin severes an actin filament and forms a cap on the newly exposed
2+

positive end of actin filaments >
52

5 3

. Actin-binding proteins that bind filamenous actin
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determine the superstructure of actin filaments. Actin may form a reticular network or a
bundle of parallel fibers. The attachment of different actin-binding proteins to the actin
filaments depends on the location of actin networks. For instance, actin-binding protein280 and actin related protein 2/3 (Arp2/3) are present in reticular actin found in
subcortical actin but a-actinin is involved in the parallel actin fibers. The oc-actinin,
another actin binding protein, is located in a special region, which is called the focal
contact complex, a-actinin in muscle is attached near the positive ends of the actin
filaments at the Z disc .
5 1

Similar proteins are found in the cortex of many types of

vertebrate cells. These proteins are activated by increased concentration of C a

2 +

that

occurs only transiently in the cytosol, and they are believed to help mediate response of
the cell cortex to extracellular signals.
Actin filaments may also bind to the plasma membrane through contacts with other
proteins such as ezrin, radixin, meosin (ERM) family of proteins, which are also
connected to some receptors like ICAM-1 43

5 4

There are many proteins present in the

cortex, but their organization and function are as yet poorly understood. Many different
rapid changes at the cortical cytoplasm depend on the transient and regulated assembly
of actin filaments. In nucleated cells the cortical region of the cytoplasm, is rich in actin
filaments, which are postulated to be attached to the plasma membrane in numerous
ways (Figure 6). This may occur at regions termed focal adhesion complex, which is a
multiprotein structure including integrins and actin binding proteins that provide a link
between actin filaments and the extra-cellular matrix . One important
5 5
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Extracellular Matrix

Figure 6- Integrin connections with cortical cytoskeleton and proteins. (Adapted
from Vuori. Journal of Membrane Biology, V165; pp 191-99, 1998)
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protein in this region is focal adhesion kinase (FAK).

1.8

Focal Adhesion Kinase and downstream molecules

FAK is a cytosolic protein tyrosine kinase with 125 kD molecular weight and related to a
gene family known as a Pyk2, CAKp* or RAFTKS and in humans it is located on
chromosome 8
receptors

5 7

5 6

. FAK is mainly localized to the cytoplasmic domain of integrin

.

Integrin activation can increase tyrosine and proline phosphorylation of FAK (Figure 7).
Tyrosine 397 is one of the most important sites of this protein
binding site for the SH2 domain of Src

5 7

5 8

. Tyrosine 397 is a

and Phosphatidylinositol 3 kinase (PI3K)

5 9

.

There are other tyrosine and proline regions in the FAK molecule, which are important
for activation of cytoskeletal proteins such as talin and paxilin. The requirement of FAK
tyrosine 397 for its roles in cell proliferation, apoptosis and migration suggests that PI3K
binding to FAK may be involved in apoptosis and migration through another protein
which is called Akt. (Figure 8)

6 0

.

PI 3-kinase is an important enzyme for apoptosis

6 1

inhibition and cell migration 62

6 3

.

This enzyme, by providing PI intermediate and final metabolites, can affect the
intracellular Ca

2 +

concentration and other intermediate messengers such as PI,4-5,P2

(PIP2) 64, 65.
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Figure 7- FAK molecule contains special spaces for different proteins. (Adapted
from Cary and Guan, Frontiers in Bioscience 4, 1999, p102-113)
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SPREADING

MIGRATION

PROLIFERATION

Figure 8- FAK signals and associated pathways. (Adapted from Cary and Guan,
Frontiers in Bioscience 4, 1999, p102-113)
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PI 3-kinase is a heterodimeric enzyme, comprised of a 110 kDa catalytic subunit (p110)
and an 85 kDa regulatory subunit (p85). In addition to its p110 binding site, the p85
subunit contains SH2 and SH3 domains which mediate its interactions with other cellular
proteins. Association of FAK with PI 3-kinase in response to integrin activation has been
demonstrated in both platelets and fibroblasts >
66

6 7

. PI3 kinase is involved in

phosphorylation of Phosphatidylinositol (PI) on the third carbon of the inositol ring to
yield PIP3. Weihua et al. have shown the importance of PI3 kinase to inhibit activation of
caspase 3 and apoptosis in cardiomyocytes . Some final products of PI3K are PIP3,
6 8

IP3, PKC and PKB/Akt (Figure 9). As we will show IP3 has a very important role in
cardiomyocyte contraction.

PIP3 is involved in trafficking of proteins within the cell. PIP3 has been implicated in
signal transduction that leads to adhesion by interacting with the SH2, PH and C2
domains of proteins, actin rearrangment, cell growth and cell survival. A closely related
molecule, PIP2 has been implicated in cell growth and cell survival by effecting PKC,
PDK, and PKB. PLCy activity is controled by PIP3 and PIP2 concentration in the
positive way . McBride et al. showed co-localization of PLCy and actin stress fibers in
6 9

regions of focal contacts where these fibers engage plasma membrane. On the other
hand, actin binding proteins such as, vinculin, a-actinin and gelsolin bind PIP2 and
negatively modulate PLCy

7 0

. It is worth noting that, PLCy and PKC can modulate each

other. PKC has been suggested to modulate contractile function of the myocardium by
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targeting components of the myofilament apparatus, as well as regulating calcium
homestasis

7 1

• . There is also evidence that PKC can modulate cardiac function and
7 2

regulate gene expression through activation of MAPK pathways 73

7 4

.

Inositole triphosphate (IP3) is one of the messengers of the phosphatidylinositol
pathway. IP3 induces calcium release from sarcoplasmic reticulum (SR). This indicates
that in addition to the ryanodine receptor on the SR, there is another type of receptor
(Figure 10). In vascular smooth muscle, the IP3 messenger system has a very important
role in regulating the release of calcium from the SR. In cardiac muscle, the role of IP3
is still controversial

7 5

.

Carpen et al. have shown that ICAM-1 and ICAM-2 are directly associated with
cytoskeletal proteins that function as linkers between adhesion molecules and the actin
containing cytoskeleon. They concluded that the association is regulated by PI-4.5-P2
(PIP2), which binds to cytoplasmic domain of ICAM-1 and ICAM-2. PI 3 kinase and PI
pathways are responsible for different cellular activity such as growth, differentiation
apoptosis and cytoskeletal assembly

6 4
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Figure 9- Phospatidylinositol 3-kinase in signal transduction.
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Figure 10- IP3 and Ryanodine receptor location. (Adapted from Heart Diseases,
Braunwald)
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Considering the unsuccessful human trials of new sepsis and septic shock therapy and
based on the pathogenesis and the high mortality rate of this syndrome, it is realistic to
think about other possible mechanisms which may be involved in myocardial
dysfunction of sepsis. These mechanisms may persist after, and in the absence of,
some initiators of the inflammatory response. On the basis of the observation that
interaction of ICAM-1 and CD11/CD18 can initiate internal signals in inflammatory cells
and produce different actions and behaviours of inflammatory cells 76-78
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that target cell signals may also affect their function by the above interaction.
My goal was to determine how neutrophils could alter cardiomyocyte function and in
what way they could affect contractility, followed by the importance of the cardiomyocyte
ICAM-1 receptor, cortical actin reorganisation, and related intracellular signals after
ICAM-1 activation.
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CHAPTER 2: METHODS

This study was approved by the University of British Columbia Animal Care Committee
and adheres to Canadian and NIH guidelines for animal experimentation.
Our study contains two different methods; neutrophils and cardiomyocyte co-culture and
ICAM-1 activation by cross-linking methods. These methods are summarised in the
tables below (Figure 11 & 12).
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Cardiomyocyte Isolation

I
Vehicle

I

TNFoc

IL-1P

LPS

Colchicine

Anti-ICAM-1

LZZ
Determine
Fractional Shortening%

L Z Z

Vehicle

I
Cytochalasin D

I
Determine
Fractional Shortening%

PMN co-culture
with or without
Anti-CD18

Determine
Fractional Shortening%

Figure 11- Experimental design for first part of study. The role of P M N and
Cytokines.
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ICAM-1 cross-linking experimental diagram
Cardiomyocyte Isolation

Treatment with mouse anti-rat ICAM-1
1 ug/ml for 1 hour + then wash + then
treatment with goat anti-mouse IgG for 3 hours
Measurment FAK, P44/42 MAPK|
or P38 MAPK Western Blot

Determine
Fractional Shortening%

HA-1077
Rho inhibitor

I
Latrunculin A

I
Cytochalasin D

1
PD98059
MEK1/2 inhibitor
I

Determine
Fractional Shortening%

Figure 12- Experimental design for second part of study, ICAM-1 cross-linking.
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2.1

Isolation of rat ventricular cardiomyocytes

Sprague-Dawley rats (250-300 g) were anesthetized using 3% halothane and the heart
was excised and mounted on a modified Langendorff apparatus and perfused with
oxygenated (95% 0 , 5% C 0 ) HEPES-Joklik modified MEM buffer (minimal essential
2

2

media, Gibco BRL, Grand Island, NY) at 37°C for 2 minutes. Then the perfusate was
changed to 30 mL recirculating calcium free MEM containing 236 U/mL collagenase
(type 2, Worthington Biochemical, Freehold, NJ). At 15 and 20 minutes, the calcium
concentration was increased, stepwise to 0.025 and 0.075 mmol/L. After 30-40 minutes
the ventricles were removed from the perfusion system and gently teased apart and
agitated for 2-3 minutes at 37°C. The tissue and dispersed cells in solution were then
filtered through a 200 (am nylon mesh. The cells were then washed three times at 37°C
in MEM containing increasing C a

2 +

concentrations (200 |iM, 500 \iM and 1 mM), and O2,

allowing the cells to settle by gravity for 10 minutes between each wash. Cells were
resuspended in 37°C HEPES-modified M199 buffer (Gibco BRL) with 1% BSA. The
cells were diluted to a final concentration of 50,000 cells/mL and 100 |iL loaded into 96
well plates and were incubated with 95%0 , 5% C 0 . At 90 minutes, the medium was
2

2

changed to fresh M199 with BSA and the cardiomyocytes were incubated for 24 hours.
Cells are considered viable if they demonstrated a characteristic rod shape without
cytoplasmic blebbing. This morphometric assessment of viability was confirmed in a
subset of experiments with trypan blue exclusion. We have found that the fraction of
viable cardiomyocytes is always greater than 85% .
3 4
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2.2

Isolation of rat Neutrophils

250-300 g male Sprague-Dawley rats were anesthetized as above and, via cardiac
puncture, 8 mL of blood was drawn into a syringe containing 2 mL Anticoagulant Citrate
Dextrose solution (Baxter, Deerfield, IL). Leukocyte rich plasma was obtained from the
blood using dextran sedimentation. Red blood cells were lysed using sterile water and
PMN were purified using Histopaque 1077 (Sigma, St. Louis, MO) to remove the
remaining erythrocytes and mononuclear cells.

Purified PMN were resuspended in

M199 and used immediately.

2.3

Co-culture of PMN and cardiomvocvtes

After 24 hours of cardiomyocyte incubation, 50,000 PMN were added to each well of
cardiomyocytes (ratio of 10 PMN per cardiomyocyte) in the 96 well laminin-coated plates
for co-culture experiments. After 3 hours incubation, cardiomyocytes were examined at
400X magnification to determine the number of PMN adhering to individual
cardiomyocytes and the corresponding fractional shortening of the same cardiomyocyte.
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2.4

Measurement of the number adherent PMN to cardiomyocyte

In similar experiments, cardiomyocytes and PMN were co-incubated for 3 hours and the
number of adherent PMN was counted for all cardiomyocytes in 8 wells at four random
microscope fields per well.

2.5

ICAM-1 cross linking (specific method for ICAM-1 activation)

Isolated cardiomyocytes were incubated with mouse anti-rat ICAM-1 ( mouse anti-rat
CD54 , 1A29 Pharminogen Cat# 22490D) 1 ug/ml, for one hour, cells were washed and
then incubated with goat anti-mouse IgG, 9 ug/ml, (Transduction Laboratories) for 3 and
24 hours and cardiomyocyte fractional shortening was measured at each time point

7 9

47.

2.6

Measurement of cardiomyocyte fractional shortening

Fifteen minutes before measuring fractional shortening 2 jo,L of 0.5% weight/volume
trypsin was added to each well.

Preliminary experiments demonstrated that this

concentration of trypsin did not alter cell viability and cleaved >95% of the adherent
cardiomyocytes from their attachments to the bottom of the well. Specially designed
platinum electrodes were then lowered in each well in the 96-well plate, and the
cardiomyocytes were electrically stimulated (Grass S48 stimulator, West Warwick, RI;
45V<2.2-ms duration, 25-Q resistance) while being recorded by video-microscopy (Sony
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SLV-760HF) at 400X magnification.

This electrical stimulus was chosen from

preliminary threshold experiments, as two times the minimum electrical stimulus
required to maximally contract the cardiomyocytes. Still frames of systolic and diastolic
cardiomyocytes were captured using Scion Image PC (Scion, Frederick, MD) (Figure
13) and cardiomyocyte fractional shortening was calculated as (diastolic-systolic
length)/diastolic length

3 4

.
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2.7

Western Analysis

Cardiomyocyte protein was collected by lysing cardiomyocytes in lysis buffer (20 mM
Tris-HCl pH is 8.0, 135 mM NaCl, 10% glycerol, 1% NP-40, 1 U/mL aprotinin, 1mM
PMSF). Protein was loaded onto a polyacrylamide gel, electrophoresed, and transferred
to nitrocellulose. The nitrocellulose blot was blocked with TBS + 5% milk powder (TBSmp) for 60 minutes. Anti-phospho-FAK (Tyr397) rabbit polyclonal antibody (UBI, Lake
Placid, NY) prepared in TBS-mp at 1/1000 was added and incubated at room
temperature for 2.5 hours. In other experiments a phospho-MAPK (ERK 1/2) rabbit
polyclonal antibody (New England Biolabs, Beverly, MA) at 1/1000 prepared in TBS with
5% BSA was added and incubated overnight at 4°C. After washing blots with TBS with
0.1% Tween to remove unbound antibody, blots were incubated with HRP conjugated
goat anti-rabbit IgG at 1/3000 (UBI). Blots were washed and developed using ECL
(Amersham, Buckinghamshire, UK) following manufacture's instructions.

2.8

Immunoflurescent Study

Cardiomyocytes were cultured on 8 well laminin coated slides. After 24 hrs, ICAM-1
receptors on cardiomyocytes were cross-linked for 3-4 hours (see below). Cells were
fixed and permeablized with paraformaldehyde 3% for 20 minutes and Triton X-100
0.5% for 5 minutes in MSB (Microtubule Stabalizing Buffer). After blocking with
PBS+0.5% BSA for 60 minutes. Rabbit anti FAK 40 ug/ml (UBI, Cat# 06-543) was
added overnight at 4 °C, after washing, Alexa fluor 488 secondary goat anti-rabbit, 10
36

ug/ml (Molecular Probes, cat# A-11034) was added for 45 minutes at room temperature,
mages were captured by confocal microscopy.

2.9

Confocal microscopy

Immunofluorescence images of cardiomyocytes were collected using a Noran Oz laser
scanning confocal microscope (Nikon inverted microscope). A high power objective lens
(Nikon, Plan Flour, 100x/oil, na: 1.30) was utilized to achieve high spatial resolution. For
visualizing the Alexa 488-labelled specimens, the sample was illuminated using the
488nm line of an Argon-Krypton laser and a high-gain photomultiplier tube collected the
emission after it had passed through a 525/52 BP filter. All parameters (laser intensity,
gain etc.) were left unchanged during the experiment and were set so that the level of
photo-bleaching was negligible. The slit for the scanning confocal microscope was set
to be 10pm. Z-stack images were acquired with the help of a motorized stage which
was set to move in the Z-axis at 0.5 or 1 pm steps.

2.10

Experimental Protocols

We studied fractional shortening of 1) cultures of cardiomyocytes alone, 2) PMN and
cardiomyocyte co-cultures, and 3) PMN and activated cardiomyocytes, in the presence
or absence of, a) Colchicine 10 uM (Sigma, #C3915), b) Cytochalasin D 10 uM (Sigma,
#C8273) or c) Latrunculin A 10 uM (Calbiochem, #428021). In the second part of this
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study we used the same treatment in addition we study the effects of MEK1 (New
england biolab # 9900), and Rho kinase inhibitors (sigma, # H139), Cytochalasin D and
Latrunculin A on ICAM-1 cross-linked cardiomyocytes.

2.10.1

Activation of cardiomyocyte

TNF-a (rat recombinant 25031 V Pharmingen), lipopolysaccharide (LPS, Sigma, L2630), interleukin-1p (IL-1p, rat recombinant, Sigma), or control media was added to
each well for 2 hours at the start of the experiments. The final concentration of TNF-a in
the wells was 20 ng/ml, chosen to elicit maximum effect based on initial dose-response
experiments. The final concentration of IL-1p and LPS were 20 ng/ml and 10 ug/ml
respectively.

2.10.2

PMN fixation and co-culture

We isolated, and fixed PMNs, after washing three times. Fixed PMNs were co-cultured
with cardiomyocytes. Paraformaldehyde (PFA) 3%, for 15 min and Glutaraldehyde
(GLA) 0.025%, for 30 min were used. The purpose was to save the extracellular domain
of integrin receptors (CD11/CD18) on the PMN membrane without activation of those
receptors

8 0

.
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2.10.3

ICAM-1 blocking antibody

We repeated the co-culture experiments using cardiomyocyte pretreatment with either
antibody to ICAM-1 (Purified mouse anti-rat CD54 monoclonal Ab., Pharmingen) 200
pg/ml or the IgG control for 2 hours. Fractional shortening of cardiomyocytes and the
number of adherent neutrophils were then measured .
3 4

2.10.4

Different treatments on ICAM-1 cross-linked cardiomyocyte

Cardiomyocytes, were pretreated with different pathway inhibitors (Cytochalasin D,
PD98059, or HA-1077), first treated with anti-rat ICAM-1 for 1 hour, washed and then
treated both with one of chemical agents (CytochalasinD 10 uM, Latrunculin A 10 uM,
PD98059 10uM or Fasudil (HA-1077) 50uM) and secondary goat anti-mouse IgG
antibody for 3-4 hours

2.11

8 1

8 2

.

Data Analysis

We tested for differences in fractional shortening and number of adherent PMN between
control and treated groups of cardiomyocytes using an ANOVA, choosing p < 0.05 as
significant. When a significant difference was found we identified specific differences
between groups using a sequentially rejective Bonferroni test procedure.
expressed as means ± SE throughout.
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Data are

CHAPTER 3: RESULTS
3.1

PMNs reduce cardiomyocyte fractional shortening

Fractional shortening (FS) of cardiomyocytes alone in mono-culture was not significantly
altered by a 2 hour incubation with either TNF-a 20 ng/mL (FS 92±4% of control) (Figure
3), IL-1p 20 ng/mL (FS 91 ±6% of control), or LPS 10 pg/mL (FS 87±5% of control)
(Figure 15).

FS of cardiomyocyte in co-culture with PMN decreased significantly when either or both
cardiomyocyte and PMN were activated. We found that the activation of cardiomyocytes
has synergistic effects with activation of PMN and, together, decreased cardiomyocyte
contractility, more than when used alone (Figure 16 &17). We found that non-activated
PMN adhesion increased from 1.1 ± 0.2 PMN per cardiomyocyte in the non-activated
cardiomyocytes to 2.7 ± 0.2, 1.4 ± 0.1, 1.9 ± 0.2, in the TNFa, IL-1p, and LPS treated
cardiomyocytes respectively (p<0.05 for each activator).
An effect analagous to "dose-response" is evident in (Figure 16), which demonstrates
that fractional shortening of cardiomyocytes in co-culture with PMN decreased as the
number of attached PMN increased.

Fractional shortening of cardiomyocytes with

adherent PMN decreased by -2.8±0.3% per adherent PMN (p<0.001).
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3.2

PMN mediates decreased cardiomyocyte contractility through ICAM-1

The average number of PMN adherent to each TNF-activated cardiomyocyte (2.7 ± 0.2),
was decreased by antibody to ICAM-1 to 1.2 ± 1 (p< 0.05), and by antibody to CD-18 to
1.1 ± 1 (p< 0.05). The PMN-induced decrease in cardiomyocyte fractional shortening in
co-cultures was also reduced by antibody to ICAM-1 and antibody to CD-18 (Figure 18).

Adherent PMN may have contributed to decreased cardiomyocyte contractility simply by
release of reactive oxygen intermediates or inflammatory mediators

8 3

in close proximity

to the cardiomyocyte. Alternatively adhesion itself may have also contributed. To help
distinguish between these two possibilities we isolated and fixed PMN before co-culture
with cardiomyocytes.

Paraformaldehyde (PFA)-fixed PMN decreased fractional

shortening to the same extent as viable PMN (Figure 23). To rule out the reversible
effect PFA on co-cultures we used glutaraldehyde (GAD), to fix PMNs. The
gluteraldehyde-fixed PMN also decreased cardiomyocyte fractional shortening to the
same extent as viable PMN (Figure 23). This effect is unlikely a non-specific effect
(independent of PMN) of either the paraformaldehyde or gluteraldehyde fixation
procedure since the relationship between the number of adherent PMN versus decrease
in fractional shortening was preserved (Figure 23).
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3.3

ICAM-1 cross-linking

PMN may interact with cardiomyocytes via other receptor ligand interactions and in other
ways. Therefore, we used cross-linking antibodies to ICAM-1 (in the absence of PMN)
to specifically target ICAM-1 and confirm that ICAM-1 binding can cause decreased
contractility. ICAM-1 cross-linking decreased fractional shortening by 36 ± 3% (p< 0.05)
compared to control groups at 3 hours and by 40 ± 6% (p< 0.05) compared to control
groups at 24 hours (Figure 24).

3.4

The role of cardiomyocyte actin cytoskeleton

It has been shown that ICAM-1 is also connected to cytoskeletal proteins >
43

4 4

8 4

8 5

. To

test the hypothesis that the actin cytoskeleton is involved in signaling pathways that lead
to decreased cardiomyocyte contractility

induced by ICAM-1 binding, we used

cytochalasin D, an actin depolymerizing agent, and latrunculin A, an agent that
sequesters monomeric actin and inhibits elongation of actin filaments. We incubated
cardiomyocytes with cytochalasin D 10 (J.M or latrunculin A 10 jxM for 2 hours prior to coculture of PMN and cardiomyocytes. This concentration was used to disrupt the cortical
cytoplasmic cardiomyocyte cytoskeleton . Control cardiomyocyte fractional shortening
8 6

was not altered by these concentrations of cytochalasin D (106 ± 10 % of control FS,
n=39 vs n=60 controls) and latrunculin A (111 ± 10 % of control FS, n=29 vs n=22
controls) confirming previous observations that these concentrations of cytochalasin D
and latrunculin A did not disrupt sarcomeric F-actin . Cytochalasin D did not alter the
8 6
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number of PMN adherent to cardiomyocytes (2.2±1 versus 2.2±1.0 PMN/cardiomyocyte
in controls) in co-culture experiments, but significantly prevented the PMN-induced
decrease in cardiomyocyte fractional shortening (Figure 7). Similarly, latrunculin A did
not alter the number of PMN adherent to each cardiomyocyte (2.2±1 versus 2.2±1.0
PMN/cardiomyocyte in controls) but inhibited the effect of adherent PMN on
cardiomyocyte contractility (Figure 25).

3.5

Importance of cvtoskeleton-associated signaling pathways triggered by

ICAM-1 binding
The cytoskeleton may signal via an MAPK pathway in other cell lines or alternatively
may alter contractility via a RhoA pathway resulting in increased myosin light chain
phosphorylation

8 7

8 8

in costameric space. Cardiomyocytes contain structures known as

costameres, which resemble focal adhesion complexes. Costameres are also rich in
actin and different proteins, such as vinculin, talin, integrins. It has been suggested that
costameres are localized on Z lines and FAK is associated with this area .
5 5

FAK western blot showed that ICAM-1 cross-linked cardiomyocytes have lower rate of
phosphorylated FAK to total FAK compared to control after 3 hours (Figure 21).
FAK activation leads to activation of a series of proteins and pathways, these include
MAPK. To investigate the role of MAPK on the contractility of ICAM-1 cross-linked
cardiomyocyte, we treated ICAM-1 cross-linked cardiomyocyte with the ERK1/2 inhibitor,
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PD98059 10uM.

PD98059 had no effect on the ICAM-1-induced decreases in

cardiomyocyte fractional shortening (Figure 26) suggesting that this signaling pathway
was not directly involved. Our study also showed that 3 hours of ICAM-1 cross-linking
did not alter the amount of phosphorylated P38 MAPK compare to

control

cardiomyocyte.
Rho family proteins (small G proteins) are associated with the actin cytoskeleton and
regulate both cytoskeletal reorganization and gene expression. Rho kinase is involved in
the Rho pathway and actin stress fiber formation (Figure 27). To investigate the role of
Rho-kinase we used fusadile (HA-1077) as a inhibitor of Rho-kinase in ICAM-1 crosslinked cardiomyocytes. Fusadil (HA-1077) 50 uM, did have an impact on the fractional
shortening of ICAM-1 cross-linked cardiomyocytes.

HA-1077 completely prevented

ICAM-1-induced decreases in cardiomyocyte fractional shortening (Figure 8) suggesting
that this actin cytoskeleton-associated signaling pathway does mediate ICAM-1-induced
decreases in cardiomyocyte fractional shortening.

3.6

Western Blot of ICAM-1 cross-linked compared to Control

Western blot of FAK denotes a significantly increased level of phosphorylated FAK /
total FAK protein in 3 hrs ICAM-1 cross-linked cardiomyocyte compare to control. To
investigate the role of MAPK pathway in ICAM-1 cross-linked cardiomyocyte we
measured the phosphorylated P44/42 MAPK and P38 MAPK in the same groups. Our
44

study shows that phosphorylated P44/42 MAPK (Erk1/2) trends to increased after 3
hours ICAM-1 cross-linking, in contrast western blot of phosphorylated P38 MAPK/ total
P 38 MAPK, shows no difference between ICAM-1 cross-linked compare to control
(figure 19, 20, 21).
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TRANSCRIPTION

Figure 14- FAK relation with MAPK and other pathways. (Adapted from New
England Biolab)
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Cytokines effects on cardiomyocyte contractility

Vehicle

TNFa

IL-1(3
treated

treated

LPS
treated

FIGURE 15 - Fractional shortening of cardiomyocytes is shown, in the presence
of different cytokines. There is no significantly difference in fractional shortening
(%) in this experiment. Numbers in the bars denote number of cardiomyocytes
from six separate experiments.
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The effect of PMN adhesion on cardiomyocyte contractility
25

* ANOVA: p < 0.0001
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FIGURE 16 -The number of Neutrophils adherent to cardiomyocytes after 3-4
hours of co-culture is shown. (* indicates p<0.05 compared to other groups)
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Cardiomyocyte treatment with cytokines in the presence of PMN
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Figure 17- The effect of cytokines on cardiomyocyte contractility in the
presence of PMN. Lines indicate the slopes of correspondent bar graphs. The
slope of IL-1 (3 treated cardiomyocyte is significantly different from the nonactivaed cardiomyocte in the presence of PMN. Below is the negative slopes of
different treatments on co-culture. Cytochalasin D, Latrunculin A, and
Colchicine improved F S % in above groups. (* P< 0.05)
Cardiomyocyte+PMN
Cardiomyocyte+Cytochalasin D/+PMN
B
Cardiomyocyte+Latrunculin A/ +PMN
Cardiomyocyte+Colchicine/+PMN
Cardiomyocyte+IL-1/+PMN
Cardiomyocyte+Cytochalasin D+IL-1/+PMN
Cardiomyocyte+Colchicine+IL-1/+PMN
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Figure 18- Anti ICAM-1 prevent the effects of PMN on cardiomyocyte contractility
while non-specific IgG do not. Anti ICAM-1 antibody could not prevent PMN
adhesion completely but the contractility was preserved even in the presence of
PMNs. (Numbers in the bars denote number of cardiomyocytes from 4 separate
experiments. *P< 0.05)
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Total P38 MAPK
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Figure 20- P38 MAPK Western Blot in ICAM-1 cross-linked and Control shows
neither significant difference nor activation after 3 hours.
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53

The Brightness of IF images/area

Control

ICAM-1 cross-linked

Figure 22- Total FAK immunofluorescent sudy denotes that total FAK is higher
in 3 hours ICAM-1 cross-linked cardiomyocyte. Up-Right is ICAM-1 cross-linked
and Up-Left is control cardiomyocyte. (* P < 0.05)
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The effect of non-activated PMN compared to fixed PMN on
cardiomyocyte contractility
Non-activated
PMN/cardiomyocyte
co-culture

•

Glutaraldehyde fixed
PMN/ Cardiomyocyte
co-culture
Paraformaldehyde fixed
PMN/cardiomyocyte
co-culture

Number of adherent PMN to Cardiomyocyte (* P Value<0.01)

Figure 23- Fractional shortening of cardiomyocytes co-incubated with fixed PMN.
(* indicates p<0.01 compared to control N#of 3 experiments). This indicates fixed
PMN adherence on cardiomyocyte showing a similar trend in decreased
contractility.
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ICAM-1 cross linking in different time points

Figure 24- Fractional shortening of ICAM-1 cross-linked cardiomyocyte compared
to controls after 3 and 24 hours. It denotes that ICAM-1 cross-linking can affect
cardiomyocyte function. (*P< 0.05)
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Cytochalasin D improves contractility in ICAM-1 cross-linked
cardiomyocyte (* P Value< 0.01)
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ICAM-1
cross linking

ICAM-1 cross linking
treated with
cytochalasinD

Figure 25- Fractional shortening of ICAM-1 cross-linked cardiomyocyte is less
than controls. Cytochalasin D treatment can improve contractility in this group. (*
indicates p < 0.01 compared to controls)
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ICAM-1
HA-1077
cross-linked cross-linked cross-linked* cross-linked + Control
+ PD98059 Cytochalasin D + HA-1077

ICAM-1
cross-liked
+ 2APB

2APB +
Control

Figure 26 -The effects of different treatment on the contractility of ICAM-1 crosslinked cardiomyocytes. (* P< 0.05)
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CHAPTER 4: DISCUSSION

Taken together, these observations demonstrate that neutrophils can mainly decrease
cardiomyocyte contractility after binding to the cardiomyocyte through ICAM-1. We
found that the interaction of integrin on neutrophils and ICAM-1 on cardiomyocyte is one
of the important steps leading to lower cardiomyocyte contractility. The decrease in
cardiomyocyte contractility is directly related to the number of adherent neutrophils to
cardiomyocytes. We could prevent the effect of neutrophils on cardiomyocytes by
blocking

integrin-ICAM-1

interaction.

Because

fixed

neutrophils

can decrease

cardiomyocyte contractility similar to normal neutrophils, we conclude that ICAM-1
activation or binding per se, is responsible for some part of the decrease in
cardiomyocyte contractility, most likely through internal signaling in cardiomyocytes.
Furthermore, ICAM-1 activation by cross-linking caused increased total FAK expression
associated with the cortical cyotskeleton. We could prevent ICAM-1 activation induced
decreases in contractility by disrupting the cortical cardiomyocyte cytoskeleton with
cytochalasin D or Latrunculin A. Inhibition of the FAK, Erk1/2 pathway did not alter
ICAM-1 induced decreases in cardiomyocyte fractional shortening. However a small G
protein (Rho) inhibitor (HA-1077) prevented ICAM-1 mediated contractile effects. This
shows that ICAM-1 cross-linking (activation) can initiate intracellular signals through the
cortical actin cytoskeleton.
It has been shown that ICAM-1 cross-linking accelerates cortical actin reorganization by
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using PIP2

8 9

4 4

and this, in turn, may reduce the availability of PIP2 for PIP3 production

and PLCy activation. The net result would be lower IP3 and DAG production, which in
turn reduce PKC activity and decrease the level of intracellular calcium. Our study has
also shown that ICAM-1 cross-linking after 3 hours can decrease FAK phosphorylation
at tyrosine 397, which is the main location for PI3 kinase activation. According to XiangDong et al., cells lacking FAK activity show increased focal adhesion number and
decreased cell function such as migration. They found that Rho can control FAK activity
and rapid focal adhesion turnover correlates with low Rho activity

9 0

. Rho small G

proteins are mainly responsible for cortical actin and stress fiber reorganization (Figure
27).
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Figure 27- Rho pathways and Cytoskeleton reorganization. (Adapted from Bishop
and Hall, Biochemistry Journal, 348, 2000, p241-255)
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We speculate that lower FAK phosphorylation is consistent with greater focal adhesion
cortical cytoskeletal assembly. Low level of phosphorylated T397-FAK is consistent with
low activity of PI3 kinase. PI3 kinase is the main enzyme for production of PIP3 from the
PIP2. This may show that lower activity of PI3 kinase reduces IP3 and DAG production
from the precourser PIP2, followed by lower release of intracellular calcium stores. We
found that inhibitor of IP3 receptor (2APB), almost completely inhibited the mechanism
of contraction in cardiomyocyte (Figure 26). This implies that IP3 plays an important role
in cardiomyocyte contractility and a low level of IP3 could be one of the possible
mechanisms in ICAM-1 cross-linking effect.

Another possible explanation for lower cardiomyocyte contractility in the ICAM-1 crosslinked group compared to normal cardiomyocytes, is mitochondrial damage (Figure 28).
This could be explained by lower PI3 kinase activation. Low levels of active PI3 kinase
can reduce anti-apoptotic defence mechanisms through the low levels of Akt. Akt is an
inhibitor of, Bad, GSK3 and FKHR, three important apoptotic proteins. Bad is a Bax
family pro-apoptotic protein, which works through mitochondrial membrane damage,
leakage of cytochrome C into the cytoplasm, and then activation of the caspase
cascade. It would be quite interesting to look at caspase activity in ICAM-1 cross-linked
cardiomyocytes. However we have not found any difference in morphologic changes
between ICAM-1 cross-liked and control cardiomyocyte after five days.

62

Overview: Regulation of Apoptosis

Figure 28- Regulation of apoptosis through the mitochondria and relation to
MAPK and PI3K. (Adapted from New England Biolab)
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Another possible mechanism of decreased contractility

in ICAM-1 cross-linked

cardiomyocytes could be changing in cardiomyocyte mechanical load and rigidity. This
may be through the changes in membrane stiffness and shear rigidity. Basically, protein
molecules are relatively rigid whereas lipid hydrocarbon chains are flexible

4 9

. That

means protein presentation, such as ICAM-1, may alter the stiffness of the membrane.
However the number of ICAM-1 molecules presented should not be high enough,
especially in non-stimulated cells, to assume this mechanism. Therefore ICAM-1
physical presentation on the bilayer lipid membrane seems unlikely to increase
membrane stiffness. However it is quite interesting to consider membrane stiffness and
rigidity of ICAM-1 cross-linked cardiomyocytes. The relation between ICAM-1 and the
cortical cytoskeleton has been investigated by Carpen's group

4 3

. According to Hamill,

the cortical cytoskeleton increases the shear rigidity of the membrane. Therefore the
cortical cytoskeleton can control the elastic response of the membrane against
membrane extension

4 9

. The cortical cytoskeleton connects the integrins on the

membrane with other cytoskeletal proteins

9

1-

9

4

.

This may infer that ICAM-1 cross-

linking can change membrane mechanical loads by cortical actin re-organization. This
may change membrane tension and stiffness. According to Laplace's Law tension is
directly related to the curvature radius and pressure (T= P.R/2). That is, the higher the
radius the higher the tension. Because tension is directly related to the stiffness, the
result would be higher membrane stiffness. We found that ICAM-1 cross-linked
cardiomyocyte contractility is lower compared to controls, possibly due to cortical actin
reorganization and higher shear rigidity and stiffness. This means that sarcomers need
64

to generate higher force to decrease the distance between two Z lines.

Cytochalasin D, and Rho inhibitor (HA-1077) improved contractility in the ICAM-1 crosslinked group possibly by disrupting actin organization. It has been shown that Rho A
inhibitor has the same effect on cortical actin cytoskeleton as two previous mentioned
actin disrupting drugs. In fact Rho family proteins are responsible for actin
reorganization in the cortical cytoskeleton in different cells (Figure27) >
82

87

- « . We
88

9 5

found that CytochalasinD, Latrunculin A and Colchicine can improve cardiomyocyte
contractility in PMN co-culture. This may demonstrate that some portion of PMN effects
on cardiomyocyte contractility are induced just by binding through ICAM-1. ICAM-1
activation recruits cortical actin assembly and this may affect cardiomyocyte mechanical
load. It has been shown that pharmacological disruption of microtubules, using
Colchicine reduces cell stiffness in different eel types (Figure 29)

7 9

This may explain

why latrunculin A, Cytochalasin D and Colchicine can improve cardiomyocyte
contractility by reducing membrane tension and stiffness. It also explains why ICAM-1
activation can affect cellular mechanics by cortical actin assembly and membrane
stiffness.

In the issue of contractility we should consider ability of membrane bending rigidity and
curvature. Membrane bending rigidity is dependent on the spontaneous curvature of
bilayer, which depends on lipid composition and area of each monolayer and coupling of
the cortical cyotskeleton to the membrane . Our preliminary study with transmission
4 9
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Figure 29- Microtubule disruption reduces cell stiffness. (Adapted
from Wang et al., Natl Acad Sci U S A 2001)
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electron microscopy confirms the possible restrictions in curvature ability of the
membrane in ICAM-1 cross-linked cardiomyocytes. This effect may be presented
because of cortical actin re-organization around the membrane. Furthermore most ion
mechanical channels respond to mechanical forces along the plane of the cell
membrane which is membrane tension. Hamill et al explained that free energy of open
channels on the whole membrane is a linear function of membrane tension. AG=T. AA AG

0

where A G is the difference in free energy between the closed and open
0

conformations of channel in the absence of externally applied membrane tension and
AA is the assumed difference in membrane area occupied by an open and closed
channel at a given membrane T tension, whereas T. A A is the work required to keep a
channel open by external mechanical force at the open probability between zero and
one. >
49

9 6

. This may show that higher cortical actin organization, increased membrane

tension, resulting in mechanical channels closure which can affect contractility. This
could also explain the diastolic stiffness which occurs in severe systemic inflammatory
responses

1 7

.

These evidences may show that inflammatory responses are not just simple as four
types of inflammation. There may be some other signals, which are responsible for
persistent inflammatory reaction after initiation. Our study may also show that some
cellular signals affect cellular mechanics, function or survival. Disappointing human trials
against the pathogenesis of septic shock may lead us to consider other possible
mechanisms, which are involved in this matter. The target cell internal signals should
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not be missed in this field. It is very important to understand the target cells behaviour as
well as inflammatory cells after inflammation. Understanding the role of these possible
internal signals in cardiac dysfunction in inflammatory situations might be our next steps.
We will also work to find out the role of PI pathways and cortical cytoskeleton in cardiac
function.
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APENDIX I: Statistical Analysis
Anova: Single Factor
The effect of cytoskeletal disruption
PMN
SUMMARY
Count
Groups
38
Myocyte+ IL-1
67
Myocyte* IL-1 +
+cytochalasin D/ +PMN
Myocyte+latrunculin A /+
59
PMN
Myocyte+IL-1 +colchicine
77
/ +PMN

ANOVA
Source of Variation
Between Groups
Within Groups

SS
1807.88
6364.78

Total

8172.66

on activated cardiomyocyte in the presence of
Sum Average Variance
464.27
12.22
23.70
1104.19
16.48
31.29
1224.61

20.76

36.96

1211.33

15.73

16.82

MS
602.63
26.86

F
22.44

df
3
237
240

69

P-value F crit
7.99E-13 2.64

Anova: Single Factor
The effect of anti ICAM-1 antibody on PMN effects on FS
SUMMARY
Varianc
Sum
Average
Count
Groups
e
17.02 24.21
CONTROLS
38 646.70
16.98 36.30
IgG control
43 729.94
21.82 10.62
Anti ICAM
49 1069.03
antibody
ANOVA
Source of
Variation
Between
Groups
Within Groups

709.75

2

354.8738

2930.14

127

23.07196

Total

3639.89

129

SS

MS

df

70

F

P-value

15.38 1.04E-06

F crit
3.07

Anova: Single Factor
Density of Phosphorylated FAK /Total FAK in control and ICAM-1 cross linked
cardiomyocyte
SUMMARY
Variance
Stym
Average
Count
Groups
0.02
0.73
2.18
Control
3
0.09
1.16
0.23
ICAM-1
5
cross linked
ANOVA
Source of
Variation
Between
Groups
Within
Groups
Total

SS

P-value

F

MS

df

0.46

1

0.46

0.37

6

0.06

0.84

7

71

7.41

0.035

F crit
5.99

Anova: Single Factor
Brightness of images/area in ICAM-1 cross linked cardiomyocyte versus
control
SUMMARY
Groups

Control
ICAM-1
cross linked

ANOVA
Source of
Variation

Count

10
10

Sum

Average

236.60
334.90

23.66
33.49

Brightness of images/area
SS
df
MS

Between
Groups
Within Groups

483.14

1

483.14

1052.71

18

58.48

Total

1535.86

19

72

Variance

60.02
56.95

F

P-value

8.26 0.010091

F crit

4.41

Anova: Single Factor
The effect of fixed PMN on
contractility
SUMMARY
Groups

Control
GLA fixed
PFA fixed

Count

Sum

137.00 2,169.14
39.00 759.53
108.00 2,056.45

Average

15.83
19.48
19.04

Variance

24.82
36.17
31.24

ANOVA
Source of
Variation

Between
Groups

SS

788.52

df

MS

F

2.00 394.26

Within Groups

8092.90

281.00

Total

8881.42

283.00

28.80

73

P-value

13.69 2.12E-06

F crit

3.03

Anova: Single
Factor
The effect of ICAM-1 cross linking on
contractility
SUMMARY
Groups

Control 3h
Control 24h
IgG control 3
IgG cntrol 24
ICCL 3h
ICCL 24h

Count

44
44
18
14
70
19

Sum

953.89
953.89
344.60
312.09
966.62
237.53

Average

Variance

21.68
21.68
19.14
22.29
13.81
12.50

16.64
16.64
21.71
12.64
31.46
34.90

MS

F

ANOVA
Between Groups
Within Groups

SS
3276.59
4763.18

Total

8039.77

Source of Variation

df

5
203

655.32
23.46

208

74

P-value

27.93 1.75E-21

F crit
2.26

Anova: Single Factor
The effect of cytoskeletal disruption and Rho inhibitor in ICAM-1 cross
linked cardiomyocyte contractility
SUMMARY
Count
Sum Average Variance
Groups
13.81
31.46
ICCL
70 966.62
12.58
47 591.09
24.79
ICCL+PD 98059
20.57
11 226.26
ICCL+Cytchalasin
10.46
D
19.04
22.36
ICCL+HA-1077
31 590.22
26.07
HA+Cont
19.34
25 483.48
ANOVA
Source of
Variation
Between Groups
Within Groups

1641.23
4712.23

4
179

Total

6353.47

183

SS

df

MS
410.31
26.33

75

F

P-value

15.59

5.84E-11

F crit
2.42
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