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The role of ICAM-1 in myocardial dysfunction during sepsis
' and ischemia-reperfusion injury

Abstract

Intramyocardial inflammation occurs in various types of cardiovascular diseases
including ischemia-reperfusion, myocarditis, during orthotopic heart transplant rejection,
and during sepsis-induced myocardial dysfunction. Intramyocardial inflammation results
in increased expression of ICAM-1 on cardiac; tissue. ICAM-1 can interact with its
ligands including CD11/CD14 receptors on inﬂaﬁmatow cells, and fibrinogen leading to
activation of intracellular signaling cascades. To test this hypothesis that ICAM-1
activation on cardiac tissue can trigger signaling which leads to decreased cardiac
contractility we used three different in vitro (cardiomyocytes, polymorphonuclear
leukocytes (PMN) and fibrinogen co-culture), in vivo (cardiac contractility measurement
using micro-qatheter) and ex vivo (reperfusion of isolated heart) methods. Cardiomyocyte
ICAM-1 -binding by activated PMN, by activated and killed PMNs, and by ICAM-1
cross-linking antibodies decreased cardiomyocytes contractility. In viizo, inducing severe
cardiac inflammation by LPS injection decreases cardiac contractility by 58 + 4% (using
end systolic elastance) and increases ICAM-1 expression on cardiac tissue by 2.35 fold
compared to control. Morphometery of cardiac vessels indicated increased intravascular
PMNs after LPS injection but the number of interstitial PMNs were not different
compared to control excluding the role of PMN adhesion in ICAM-1 activation in sepsis.
This led to the next hypothesis that fibrinogen can interact with ICAM-1 after LPS
injection. Immunohistochemistry staining indicates increased interstitial fibrinogen

infiltration six hours after LPS injection supporting the interaction of ICAM-1 and

ii




fibrinogen during sepsis. Incubation of cardiomyocytes with fibrinogen decreased
cardiomyocytes contractility. This effect of fibrinogen was abolished in the presence of
anti ICAM-1 antibody. Treatment of isolated heart with IGF-1 decreases ICAM-1
expression by 2 fold (p<0.01), increases cardiac contractility and heart rate, and decreases
CPK during reperfusion compared to TNFo. We conclude that PMN and fibrinogen
interact with cardiomyocytes ICAM-1. Fibrinogen infiltrates into the myocardial
interstitial space during sepsis and decreases cardiac contractility through adhesion to
ICAM-1 receptor on the cardiomyocyte membrane. IGF-1 can be used as a therapeutic
intervention to decrease ICAM-1 expression thereby protecting the heart from further

injury during cardiac inflammation.
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Chapter-1: Overview

1.1  Sepsis and myocardial ischemia are important health problems.

The heart contracts continuously to prepare and facilitate life for other organs. It has been
named the center of love, and of hate. Ancient Egyptian physicians believed that heart
could speak to other parts of the body since they heard the sound of pulsation (Ebner
Papyrus) and assumed the heart was the center of management for other organs. The
heart beats 2.5 billion times during an average life of 70 years. It supplies energy for all
organs and when it dies none of the other organs can survive. During past centuries
cardiovascula.r diseases have been progressively affecting human life, especially in
western countries. It has been estimated that cardio;/ascular diseases (CVD) will be the

most common human health problem until 2020 (AHA).

Sepsis and myocardial infarction are important health problems. Cardiovascular diseases
are one of the most common problems in health care in our new world, resulting in more
than 17,000,000 death annully worldwide (www.who.int). Each year millions of people
die because of myocardial infarction. Many of these pati.ents need cardiac transplantation,
cardiac bypass, and invasive therapeutic interventions, with their consequent side effects
and disabilities, direct either because of procedures or indirect because of using various
types of drugs. CVD are the leading causes 6f mortality in North America resulting in the
death of more than 432,000 males and 499,000 females annually (AHA). The majority of

these deaths are a result of coronary vascular atherosclerosis and myocardial infarction. It

has been estimated that CVD drains more that 329.2 billion dollars annually in North



http://www.who.int

America. Tissue damage due to myocardial infarction involves the innate immune system
triggering the responses of defensive cells and proteins against the infarcted myocardium,

thereby inducing further damage to the remaining non-infarcted myocardium.

Sepsis also involves the innate immune system in our body. It is a severe inflammatory
response of the body against bacterial and other infectious pathogens. Sepsis syndrome
occurs as a result of primary infection and also as one of the consequences for trauma and
post surgery patients. It is the leading cause of death in non-coronary ICUS. Sepsis affects
more than 750,000 people annually in North America and results in 215,000 deaths. The
average health care cost of a septic patient is about $22,000 in North America and results
in more than $18 billion of expense annually ! Most septic patients die of severe
hypotension and myocardial depression, leading to multiple organ hypoperfusion and
dysfunction 2. Although the reported number of cases of sepsis is about 1,800,000 per
year worldwide >, it has been estimated that the actual number of reported and non-
reported cases of sepsis could be around 18,000,000 per year worldwide, based on an
observed incidénce of 3 cases per 1000 patients. Given the 30% mortality rate, this would
mean that sepsis is the leading cause of death worldwide. Epidemiological investigations
of sepsis have defined a numbers of issues, including an increasing incidence of seﬁsis,
and the lack of a unique definition to diagnose sepsis syndrome which results in high
numbers of non-registered cases worldwide. According to recent clinical investigations,

the stability of hemodynamic state is one of the most important factors required to

survive from sepsis *.




This thesis is focused on one of the intracellular mechanisms of myocardial dysfunction

during sepsis and ischemia-reperfusion injury. Here I explain the importance of cardiac

contractility in various diseases including sepsis.




1.2 The importance of cardiac physiology in cardiovascular diseases

1.2.1 Cardiac function

The main cellular component of the heart is the cardiomyocyte. It is the contractile part
and forms the majority of heart mass and volume. A cardiomyocytes in vivo is
approximately 20 um wide, 100 ptm long and 5 to 7 pum thick. The contractile component
of each cardiomyocyte is a sarcomere with a length of 2.5 to 3 um. The sarcomere is
connected to the cardiomyocyte membrane (sarcolemma) through -cytoplasmic
cytoskeletal proteins, mainly microﬁlaménts (actin) and intermediate filaments °. Each
sarcomere has longitudinal networks of actin and myosin filaments with a specific
arrangement. The contractile force is the product of interaction and sliding of sarcomeric
actin filaments and myosin heads on each other. Each sarcomere is connected to the
neighboring sarcomere through accumulation of o-actinin protein in a special area called
the Z line Which is visible by light microscopy. Light microscopy of the sarcomere shows
light areas on either sides of Z lines, named I bands. I bands are fractions of sarcomeric
actin filaments, tropomyosin and troponin proteins. Thick filaments (myosin) are
interspersed among sarcomeric actin filaments (A band). They are divided in two sections
in the middle by the H band. The H band is also divided in two parts by the M line.
Various proteins are located in the M line including myomesin and creatine
phosphokinase (CPK). CPK is an enzyme with various isotypes that maintains enough
adenosine triphosphate (ATP) for muscular contraction. CPK is reléased into the plasma
during muscular injury and death, and it is used as a diagnostic test to measure muscular

or myocardial injury. Thick filaments are also connected to the Z lines and each other by

titin and myomesin respectively.




Cardiomyocyte membrane is invaginated into the cytoplasm creating transverse tubules
(T tubules). Maﬂy types of ion channels are located on the T tubule including
dihydropyridine calcium receptors (DHPR), sodium-calcium exchange channels (NCX)
and sodium-potassium channels (NK). Other important micro-organelles in
cardiomyocytes are mitochondria and the sarcoplasmic reticulum (SR). Mitochondria are
important organelles because they are the main source of energy production and
occupying 40% of the total volume of each cardiomyocyte. SR is important due to its fole

as the source of Ca** (100 pmol/L).

1.2.2 Ca®" receptor and excitation-contraction coupling

Voltége dependent channels control cardiomyocyte sarcoplasmic Ca®" concentration. The
most acceptable theory for Ca®* influx into the cardiomyocyte is Ca®* induced Ca®*
release. The two major types of voltage sensitive Ca>* channels are L and T type channels
on the cardiomyocyte membrane 57 T type channels have a negligible role in regulating
the Ca?* gradient in cardiomyocytes. The L type Ca>* channel is also called the DHPR
receptor. Alteration in Ca®* influx is the basic pathophysiological cause of cardiac
arrhythmia and contractility dysfunction. Resting intracellular Ca** concentratioh is less
than 0.1 umol/L. Depolarization of the membrane activates DHPR and induces Ca®* entry
resulting in an increase in the Ca®" concentration around ryanodine receptors (RyR) 4
This event changes the protein configuration of the RyR receptor in 2 to 3 milliseconds

and triggers Ca®" release from the SR. This alteration in turn changes the intracellular

Ca®" concentration to 10 to 12 pmol/L. The raise in sarcoplasmic Ca’* concentration




changes the DHPR receptor structure and negatively influences Ca** entry so that the

speed of Ca®* entry is reduced by 50% °.

Alteration in intracellular Ca®* concentration during the cardiac excitation contraction
period is mainly regulated by RyR and inositol triphosphate receptors (IP3R) on the SR ’,
It has been shown that IP3 receptors are involved in Ca®* release from the SR in heart
failure. It is worth noting that the IP3 receptors can be activated by endothelin-1,
angiotensin, and o-adrenergic stimulation 1011 'RyR receptors control Ca®" release, and
interestingly, the tertiary structures of RyR receptors are also controlled by Ca®*
concentration. T tubulés in cardiomyocytes and skeletal muscle have special localization
close to the SR projection (terminal cisterna). The space between T tubules and the
terminal cisterna is about 10 to 20 nm and called the couplon space. This space is very
important in maintaining the juxtaposition between RyR on the terminal cisterna and
DHPR on T tubules. DHPR in the T tubule contains four similar proteins, and in skeletal
muscle it is aligned with one RyR on the SR %12 In cardiomyocytes one DHPR is aligned
with 5 to 10 RyRs. This position ensures the opening of all RyR in one couplon space at
once . It is worth noting that in skeletal muscle most RyR isoforms are type 1 (RyR1)
while in cardiomyocytes the majority is type 2 isoform (RyR2). The head of RyR is a
large protein which is located in the couplon space. The function of RyR is dependent on
the activation of voltage-dependent Ca®" receptors or DHPRs '*. Depolarization of T
tubules leads to changes in tertiary structure of DHPRs and results in the opening of

'DHPR channels. During cardiac excitation-contraction, thousands of Ca®* sparks

synchronize in time along the membrane 6 Entry of 2 to 4 Ca®* jons is sufficient to




\

activate the RyR channel and the whole couplon space '°. Each Ca®" spark is the function
of a cluster of 6 to 20 activated RyR receptors increasing the Ca®* influx. If these sparks
are not synchronized in time, it causes wave shape propagation and non-harmonic
sarcomere contraction leading to a reduction of cardiomyocyte contractility. Release of
Ca’" in the cytosol removes the inhibition of the actin myosin interaction 14 This is the
predominant position for cardiomyocytes at rest. The binding of four Ca® ions to
troponin, located on the actin filament, changes the conformation of troponin, removes
tropomyosin from the contractile part of myosin and exposes the binding site of myosin
to actin. Using ATP, the cross-bridge between actin and myosin creates tension along the
sarcomeric structure, generating enough force to fold the membrane and other organelles
in the cardiomyocyte during contraction. The next step is dissociation of actin from
myosin which requires ATP . The ability of the sarcomere to generate force decreases
when sarcomeric length reaches 2 to 2.2 um. Ca?* decay occurs during this time by
activation of NCX, Ca®* pumps on the membrane, SR and mitochondria . The sum of the
force of all the cardiomyocytes contracting generates enough force for ventricular

contraction. Any type of influx alteration can change cardiomyocyte contraction.

Alteration in Ca®* sparks, juxtaposition of RyR and DHPR receptors, and propagation of

Ca®" ions can be the source of cardiac dysfunction. These above mechanisms have been

postulated to describe myocardial dysfunction in sepsis and ischemia reperfusion injury.




1.2.3 Cardiodynamics

The heart is the organ responsible for pumping blood into the conductive system, arteries
and capillaries. Veins are the reservoirs of blood. The right ventricle (RV) is responsible
fpr pumping non-oxygenated blood into the lungs. The left ventricle (LV) is the main
pump in normal physiologic circulation and it distributes nutrients and oxygen to all
organs. Thus the LV is responsible for maintaining systemic blood pressure.

The power of the LV pump is directly related to its cone shape structure and the volume
of blood which can be pumped out of the left ventricle. Since during LV (cone shape)
contraction the LV height is almost constant, the LV ejects blood by reducing its volume
through a reduction in radius. Since volume is directly related to the squared radius of LV
(%), the ejection of blood is directly related to r* of LV. LV output is an important factor
in measuring workload of the left ventricle and maintaining systemic blood pressure in
normal range. LV output is related to heart rate (HR) and the volume of ejected blood in

each beat (stroke volume, SV). Thus the LV output = SV - HR.

The cardiac cycle starts by atrial contraction, a function that is especially important when
the heart beats faster than normal. In fact 75% of the left ventricular blood volume comes
from the pre-atrial contraction and atrial contraction is just responsible for the ejection of
the remaining blood volume. However when heart beats faster, the diastolic phase
decreases and atrial contraction plays its major function. The volume at the end of the

diastolic phase is called the left ventricular end-diastolic volume (LVEDV) and in turn it

makes a pressure gradient which is called the left ventricular end-diastolic pressure




(LVEDP). Ventricular contraction starts at the end of diastole. First it increases the
intraventricular cﬁamber pressure without changing the intraventricular volume, which is
called isovolumic contraction. When left ventricular pressure reaches the pressure of the
aorta, it causes opening of the aortic valve so that the blood is pushed by left ventricle
contraction into the aorta until the end of contraction. The diastolic phase starts by
closure of the aortic valve and relaxation of the left ventricle causing isovolumic
relaxation. This cycle repeats in each beat. The plot between LV pressure and volume in
each cardiac cycle generates a loop. Obtaining of number of loops with different LV
volumes generates a tremendous amount of information about the function of LV (refer
to Figure 3.1). The pressure-volume (PV) loops of LV contractility provide various types
of cardiac parameters including end systolic elastance (Ees), maximum elastance (Emax)
and ventricular work (VW). Ees and E,« are from the slope of the end systolic PV loops
and they are load independent cardiac parameters. VW is reflected by the size of the
above loops and it is proportional to the pressure and stroke volume. The ventricular
work also reflects oxygen consumption by ventricular muscles and vice versa because

VW is related to ventricular wall tension.

Normal LV output is around 5 liters per minute in humans. The LV output is not
independent from RV and it is also related to the RV output. This phenomenon has been
named Frank-Starling mechanism. According to Frank-Starling mechanism the energy
produced by LV is a function of length of muscle fibers in LV, considering the radius of

LV is adjusted by length of muscle. In fact the length of muscle fibers determines the

preload. The maximal volume of LV is achieved at the end-diastolic time point exactly




before LV contraction when the muscle fibers have the highest normal 1ength. This
volume is called LV end diastolic volume (LVEDV). In humans LVEDYV is about 120 to
140 mL. The tension and length of muscle fibers is also relafed to the LV end-diastolic
pressure (LVEDP) because LVEDP is proportional to LVEDV. The LVEDP in human is
around 12-14 mmHg. Thus an increase in LVEDV or LVEDP mirrors increment in LV
preload which is related to RV function. Frank-Starling’s law explains the balance

between RV and LV function.

An increase in muscle fiber length in LV (preload) up to the optimal point (before
disruption) induces more probability of cross bridging of actin and myosin in sarcomeric
structure of LV muscle fibers because of an increase in tension. The more interaction
between actin and myosin enhances the force of cardiomyocyte contraction. Eventually
this results in increased in LV contraction and depletion of blood to the aorta so that the
ventricular volume reaches the minimum level which is called left ventricular end-
systolic volume (LVESV). The fraction of the blood that has been pushed into the aorta is
called ejection fraction (EF%) which is stroke volume divided by LVEDV. It is
practically important to measure changes in ventricular pressure and volume that can be
used as a source of information about ventricular function. According to the Laplace law
ventricular wall tension is directly related to pressure and radius of the left ventricle and

inversely related to thickness of the left ventricle.

- Left ventricular contractility is not only affected by preload but it is also influenced by

afterload or the resistance of the blood vessels. The LV contractility is related to both LV
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force generation and the velocity of contraction. The velocity of LV contraction is
affected by afterload. In any type of muscle contraction the velocity of contraction is
inversely related to the force development. Hence in muscular contraction both force
generation and velocity of shortening are important factors. LV shortening velocity is not
affected by any changes in preload parameters such as venous pressure, LVEDP and
LVEDV. This notes the importance of other cardiac parameters including alteration of

pressure in time (dP/dt).

This section explained that LV contractility is not only depends on the cardiomyocyte
contractility and interaction between myosin and actin filaments but also is affected by
external parameters including the preload and afterload which are also the results of
contractility. The cardiomyocyte shortening is the main source of force generation of the
LV. However LV force generation is under the influence of the other hydrodynamic
parameters such as systemic or pulmonary blood pressure, and the volume of the blood in
the venous lake. Heart function is also influenced by other organ functions such as liver,
kidney and gastrointestinal systems thereby looking at the function of the heart in a

patient should always be accompanied with consideration of other external factors.
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1.3  Mpyocardial dysfunction in sepsis and ischemia reperfusion injury

Myocardial dysfunction is an important feature of sepsis and cardiac ischemia-
reperfusion injury. It is one of the most common causes of death in septic patients 1 In
fact during severe sepsis and septic shock, and in the presence of refractory hypotension,
the only compensation to maintain sufficient blood flow in the vital organs is left
ventricular contractility. Animal and human studies have shown early myocardial
dysfunction during sepsis !”. Myocardial dysfunction during sepsis is biventricular and
biphasic. It occurs within day 2 to 4 of early presentation of sepsis and returns to normal
within 7 to 10 days in survivors 18

Hypotension is the main characteristic of septic shock. Regardless of the cause of
hypotension in septic shock, the mean arterial pressure is decreased because of reduction
in vascular tone. This also increases the importance of cardiac output in saving organs
from severe hypoperfusion. It has been shown that infusion of endotoxin in healthy
individuals induced vasodilation follow by high cardiac output both of which are
characteristic of sepsis '°. During sepsis, the higher cardiac output results from a
combination of tachycardia and the reduction in vascular resistance. Tachycardia is a
“cardiac reflexive defense for coping with hypotension, however the response of the heart
rate to the degree of hypotension in sepsis is not as beneficial as in other types of
hypotensive crisis such as in severe bleeding 2 In septic patients, continuous
inflammatory processes cause fever, diarrhea, perspiration and edema, leading to a
reduction in fluid and preload. The reduction in cardiac preload causes decreased

LVEDV and eventually falling cardiac output.
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It is important to note that cardiac output is not predictive of the severity of sepsis. In fact
most of patients who survive during and after the recovery phase have lower cardiac
output than non-survivors 2! It is only at the late stage of septic shock (near death), that
non-survivors have very low cardiac output. Global circulation and the blood flow of

different organs can change during sepsis 18,

Visceral blood flow is different in septic patients. Several studies have shown an increase
in hepatic blood flow in the hyperdynamic phase of sepsis compared to controls 223
Fong et al. have shown that low dose injections of endétoxin in normal individuals
increases splanchnic blood flow and oxygen uptake, probably because of an increase in
protein synthesis and gluconeogensis in the acute phase response of the liver 2, The
splanchnic oxygen extraction ratio is also higher than the systemic one, possibly because
of increased oxygen demands. Another study has shown a reduction in gastric mucosal
pH indicating existence of hypoperfusion and ischemia % In fact one of the speculated
mechanisms of endotoxemia and sepsis syndrome in critically ill patients was intestinal

ischemia and translocation of bacterial endotoxin into the blood stream through the

injured epithelium. This mechanism has been excluded in human septic shock.

Renal blood flow increases during the early phase of sepsis. However renal blood flow
usually declines during the course of sepsis leading to decreased glomerular filtration rate
(GFR), and in severe cases results in renal failure. Most of the time septic patients present

with oliguria, and diminished creatinine clearance 3,
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Cerebral blood flow is preserved during sepsis indicating normal global flow for the
brain, however it does not exclude regional ischemia, especially because most septic
patients have symptoms of brain involvement such as lethargy and stupor 2628

Furthermore it is not clear if the reduction in brain activity is because of reduced oxygen

uptake or supply.

Various studies have shown different conclusions on skeletal muscle perfusion during
sepsis. Early studies indicated a higher fraction of cardiac output goes into the skeletal
muscle while Neviere et al. have shown that skeletal muscle blood flow was decreased
during severe sepsis *°. Administration of endotoxin to normal individuals did not

change lower limb blood flow and animal studies have also indicated conflicting results.

Many different mechanisms have been considered to explain the pathogenesis of

', One of the manifestations of myocardial

myocardial dysfunction during sepsis
dysfunction in sepsis is pre-terminal or end stage fall in cardiac output and EF%. During
sepsis and in the presence of normal pulmonary capillary wedge pressure (an indicator of
left ventricular preload), left ventricular stroke volume decreases even in resuscitated
patients *°. It has been shown that the ratio of left ventricular stroke work and pulmonary
capillary wedge pressure is decreased during sepsis and septic shock, indicating
disturbance of left ventricular performance *°. Raper et al. have shown that the slope of
LV stroke work against LVEDV is signiﬁcantly lower compared to other types of

hypotension *'. Injection of LPS in normal individuals depressed the above parameter 32,

One of the best characteristic parameters for measuring LV contractility during sepsis is
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the slope of left ventricular end systolic pressure volume relation which is also called
end-systolic elastance (Ees). Similarly the maximal elastance (Enax) of the left ventricle
provides another index of the LV contractility. Ees and E,x describe cardiac contractility
without consideration of left ventricular loading. It has been shown that even in the early
| phase of sepsis and in the absence of shock, Ees and Epgy can change ***. Animal studies
have also confirmed the efficiency of Ena.x in predicting cardiac performance during

sepsis.

One of the postulated mechanisms of myocardial dysfunction during sepsis is global
ischemia because of the presence of severe hypotension and presumably a reduction in
coronary blood flow, which finally results in decreased EF%. However several studies
have shown different changes in EF% during sepsis and septic shock 16183537 In fact
most non-survivors of sepsis have a higher left ventricular EF% than survivors. It is also
important to note that EF% is affected by vessels wall resistance or afterload. EF% is a
load dependent cardiac parameter and this has been confirmed by several studies that
explained different changes in left ventricular EF% of septic patients **. According to the
Frank-Starling Law the rise in left ventricular EF% can be accomplished by increased
LVEDV. Several studies confirmed the increase in LV compliance during sepsis *2
however there is good evidence of the opposite result, showing no difference in EF%
between survivors and non-survivors of patients with ARDS, though ventricular
compliances in survivors was higher than non-survivors *. Based on previous studies

LVEDV can differ from the high volumes seen in the early phase of sepsis to the very

low volumes that has been documented in the end-stage of septic shock '****'. Moreover
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it can also differ based on previous heart function and the nature of cardiovascular tissue.
Taken together, it seems that LVEDV and EF% are not good indicators of depressed
cardiac function during sepsis and septic shock, though they may change in a manner

consistent with myocardial depression in some patients.

Another speculation of myocardial dysfunction in sepsis is right ventricle stress. It has
been shown that pulmonary arterial blood pressure was increased during sepsis because
of the presence of various types of mediators, leading to a fall in right ventricular
contractility and a rise in right ventricle volume, especially in volume resuscitated
patients **. The high volume of the right ventricle shifts the interventricular sebtum to the
left side and in turn reduces left ventricular motion *. However further studies using
angiography excluded the above claim and indicated that right ventricular depression

results from left ventricular dysfunction .

Other studies have suggested that the left ventricular depression during sepsis occurs
because of a lack of response to endogenous inotropics substances such as
cathecholamines. Low adernergic responses may be one of the reasons for lower cardiac
output in septic patients **. Defects in cAMP production and downstream signals of B-
receptors have also been suggested *°. It has been shown that the high activity of

inhibitory G protein in septic patients is involved in the mechanism of hypotension and

4748

low cardiac output




Disturbed coronary circulation has been suspected in septic patients and it raises many
questions in describing ventricular dysfunction in sepsis. Coronary blood flow in septic
patients is higher compared to controls, both in survivors and non-survivors *°. Cunnion
et al. have explained that the cardiac dysfunction in humans with severe septic shock is
independent of myocardial blood flow and metabolism in most patients *°. During septic
shock myocardial blood flow is preserved or even increased in experimental animals *'.
Cunnion et al. concluded that coronary sinus blood flow is higher in most patients with
septic shock compared to normal subjects, especially in non-survivors. >° Bloos and
Herbertson groups have shown that the septic heart has a higher global perfusion
compared to controls. The above observations can be explained by vasodilative
mechanisms such as NO prodﬁction in the septic heart °'*2. Dhainaut’s study revealed
that global ischemia is not responsible for the cardiac dysfunction in septic shock because
there is no change in net lactate production and low lactate extraction by myocardium in
the septic heart. However this does not exclude possible focal ischemia in the septic
heart. They concluded that myocardial contractility depression is independent from blood
flow and metabolic changes. In fact myocardial blood flow is often preserved in patients
with septic shock *>. The septic heart is overperfused, however, oxygen ex&action is less

than in normal subjects 52,

In the normal heart, coronary blood flow is highly different in myocardial regions over
time and space. In fact even in the normal myocardium, blood flow is heterogenous
because of differences in myocardial segmental force. This is directly related to the local

force of contraction that is cardiomyocyte shortening force. This mechanism seems to be
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necessary to adjust the demand and supply in various regions of the heart. This means
that the septum of LV (highly active) has higher blood flow compared to the basal part of

LV (less active) at the same time point 3,

It has been suggested that the differences iq regional blood flow may be higher in septic
- heart and may affect the corresponding regional supply. Although workload and demands
for one specific region of the heart in septic shock may be lower than. in a normal heart
because of the lower afterload (lower resistance), the septic heart does not have sufficient

supply because of increased heterogeneity of blood flow resulting in focal ischemia

51,54,55

On the other hand, during sepsis and septic shock, oxygen metabolism is changed and the
relation between oxygen delivery and uptake is interrupted. In normal individuals the
critic;al oxygen delivery level is about 400 mL/min/m? of body surface with almost 100
mL/min/m* of oxygen uptake. During sepsis these levels are changed to significantly
higher oxygen delivery (about 700-800 mL/min/m?) because of impaired oxygen
exfraction, and higher oxygen uptake because of increased demand 3° In fact it has been
suggested that the circulatory changes during septic shock are associated with impaired
oxygen extraction, indicating that abnormal circulation rather than cﬁanges in cellular
metabolism that causes impaired oxygen uptake 3 However there is still debate about the

impact of impaired oxygen extraction versus defects in sufficient oxygen supply 3
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The endothelium functions as the first barrier for separating the vascular space from
surrounding tissues. ‘Endothelial damage and leakage has been mentioned as a reason for
myocardial edema in septic shock that leads to leakage of coronary capillaries and finally
Lvascular compression, suggesting more defects in the supply/demand of the heart during

sepsis ° 6. On the other hand endothelial dysfunction may occur because of intravascular

coagulation or NO production .

Other factors may be involved in the mechanism of myocardial depression including a
hypercoagulative state, microembolisms, contractile-metabolic mismatch, and ion

channel defects 37°%%,

One of the most important components of the inflammatory response is the function of
leukocytes. Our laboratory has shown the direct effects of inflammatory cells
(macrophages and neutrophils) on the contractility of the cultured cardiomyoctes 59,60,
Botha et al. have shown that leukopenia is a sign of progression of the inflammatory -
response and shock, to multi-organ dysfunction in septic and traumatic patients,
suggesting neutrophil involvement 61 Chiba’s group studied the effect of leukocyte
depletion on patient survival after cardiopulmnary bypass. They found that depletion of
leukocytes and platelets protects cardiac function after cardiopulmonary bypass 2. This
may suggest that leukocytes, especially neutrophils, play important roles in cardiac

dysfunction during systemic inflammatory responses syndrome. Based on these

observations, different anti PMN receptors blocking antibodies have been used. Study of

the lung has shown that PMN number is significantly higher in the right atrium compared




to the left atrium of septic patients after cardiopulmonary bypass. Although leukocytes
can infiltrate into the tissue in various types of inflammation including ischemia-
reperfusion injury, there is no strong evidence for the presence of leukocytes in the
myocardium of non-survivors of sepsis. However it has been documented that during
sepsis, neutrophils and inflammatory cells release significant amount of toxic substances

including oxygen free radicals and elastase %,

Cytokines have always been suspected in many types of inflammatory responses. TNFou
8 IL-1 B, and IL-6 are the major cytokines affecting myocardial contractility 6, Although
there is some strong evidence about the cardiac depressive effects of the above cytokines,
some investigators did not find independent effects of the cytokines in vitro >, The idea
that TNFa and other cytokines are not specifically important in septic patients was
strengthened by the failure of a clinical trial of anti-cytokines therapies . Instead it is
believed that these cytokines are very important in the presence of inflammatory cells

which then exaggerate inflammatory responses %

Nitrite oxide (NO) is another factor that has been postulated to contribute to myocardial
depression during sepsis 3 Arginine is converted to NO under the effect of various types
of NOS. NO increases cGMP concentration leading to modulation of contraction and
finally more felaxation 1t is worth noting that inhibition of NOS in a selective or non-
selective way did not improve cardiac dysfunction 275 however other investigations

demonstrated the protective effects of NO inhibition with various methods 7,
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Metabolic acidosis almost always accompanies sepsis, leading to increased potassium
channel activation at the vascular level and vasodilation ’°. In cardiomyocytes acidosis
interferes with intracellular Ca** concentration and the interaction between actin and
myosin . Reduction in intracellular pH first increases ionized Ca>* concentration in the
sarcolemma, however the total stored Ca®" concentration decreases over time. This may

also affect cardiomyocyte metabolism and finally contraction.

Hormonal alteration is one of the characteristic changes in sepsis. Growth hormone (GH)
fluctuates in the first week of the sepsis state *°. It has been shown that the serum insulin
growth factor-1 (IGF-1) level is significantly lower in septic patients 81 The plasma
insulin level is initially low however this level tends to increase rapidly after 24 hours
8283 There is strong evidence of benefit of IGF-1 injection in various types of injury 84-

8 IGF-1 is involved in different pathways including anti-apoptotic signaling through the

protection of mitochondria ®’.

Erythropoietin (EPO) secretion is also affected by sepsis. It has been shown that the level
of EPO is significantly lower in critically ill patients and/or the response of target cells to
EPO is impaired in septic patients 8 Recent studies on the effect of EPO in various
models showed novel protective effects of EPO against cellular injury including anti-
apoptotic and anti-oxidant effects. Interestingly recent clinical data have shown negative
results to blood transfusion in critically ill patients and conversely beneficial results after

EPO injection, suggesting a more protective effect of EPO in those patients 8,
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Although coronary blood flow is higher in septic patients, there is some evidence that
may confirm the existence of focal ischemia in the cardiac tissue of these patients.
However this theory needs to be investigated using new techniques. Furthermore
ischemia, especially in cardiac tissue, is accompanied by a number of symptoms and
signs including electrocardiogram (ECG) changes, alteration in ischemic area motion,
arrhythmia and permanent sequelaes. Conversely in septic patients there is no strong
evidence of such changes. The most common alteration in ECG of septic patients is
supraventricular tachycardia which itself could be contradict the above theory. Autopsies
of septic patients have shown evidence of necrosis only in those patients who had
myocardial infarction during sepsis syndrome, probably because of reflex tachycardia 0
Although most septic patients have myocardial dysfunction, there is no evidence of
myocardial necrosis in the majority of these cases *°. Additionally myocardial depression
during sepsis is a reversible event. The myocardium regains its normal contractility by

the end of 14 days in survivors .

However we cannot ignore the possibility of a type of ischemia that is not severe enough
to induce myocardial sequelaes. This could be explained by stunned myocardium which
can be seen in brief myocardial ischemia and more importantly it is also a reversible
event which occurs in the prone regions of the injured myocardium after ischemia.
Myocardial stunning occurs in the surrounding viable tissue around necrotic parts after
myocardial infarction, cardiopulmonary bypass, and exercise induced ischemia. It is
demonstrated by a persistent defect in regional myocardial motion even in the presence of

normal blood flow. Within a few days to several weeks the stunned myocardium assumes
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its normal function which was demonstrated by positron emission tomography scanning

in the above patients °'.

Myocardial ischemia contributes to the pathophysiology of many different types of
conditions in cardiovascular diseases including angina, infarction, cardiovascular surgery,
angioplasty, transplantation, shock and sepsis. It was described as the imbalance between
myocardial oxygen supply and demand. The duration of ischemia is also an important
factor in the myocardial survival rate . While prolonged ischemia is seriously harmful
for the affected myocardium * brief periods of ischemia could result in different
pathogenesis which also affects cardiac function in a reversible manner 1 These
reversible phenomena can be generated by the reperfusion of acutely ischemic
myocardium and chronic myocardial ischemia. The two types of reversible myocardial
injury are myocardial stunning and hibernation. Myocardial stunning is characterized by
persistent. and reversible systolic and diastolic depression of myocardial .wall motion
which is affected by previous ischemia, reperfusion or both injuries. The section of
ischemic hearts which is affected by the above mechanisms is viable and it is capable of
restoring its function gradually (days to weeks). The main mechanisms of myocardial
stunning are not clear yet, however ROS formation, alteration in calcium homeostasis and
low responds of contractile apparatus to calcium have been considered as the major
mechanisms °"**. Hibernating myocardium is similar to stunned myocardium with the
exception that recovery occurs after removal of the causes of ischemia. The blood flow in
hibernating myocardium is adequate to maintain its basic function and viability of at risk

cardiomyocytes, however it is not sufficient to maintain optimal ventricular contractility
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! Myocardial dysfunction _in the hibernated or stunned myocardium responds to [3-
stimulators. The function of stunned myocardium improves over time, whereas
hibernating myocardium needs revascularization to recover function. This reversible
myocardial dysfunction in ischemia-reperfusion injury is very similar to that of sepsis. In
fact we can see these phenomena even during prolonged exercise and in the absence of
coronary occlusion *°. There are two major hypothesis to explain this type of myocardial

dysfunction: first the role of oxygen radicals > and secondly Ca®" involvement %

Non-reversible myocardial ischemia results iﬁ cellular changes from metabolism to
contraction. It changes oxidation phosphorylation and results in less ATP and creatinine
phosphate production *>. ATP is the main source of energy for activation of ATP
dependent ion channels and actin-myosin interaction. The lack of channel activity during
prolonged myocardial ischemia results in accumulation of intracellular Ca’" ions and an
increase in cellular osmolar pressure which fesul_ts in higher intracellular water, higher

membranous tension, and finally cardimyocyte sacomeric fragility *.

Reactive oxygen species (ROS) are the products of the prolonged myocardial ischemia.
They are also the main causes of progression of injury started by ischemia. During
ischemia because of the failure in oxidation phosphorylation, ADP cannot be converted
to ATP *®. In fact it progresses to more dissociation of Phosphorus from ADP and
creation of AMP which results in higher catabolism of adenosine nucleotides and
accumulation of hypoxanthine. On the other hand because of ischemia, hypoxanthine

dehydrogenase, an important enzyme which is responsible for converting hypoxanthine
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to xanthine and finally uric acid, is changed to hypoxanthine 6xidase leading to excessive
production of ROS % Other potential sources of ROS are semi-ubiquinone of
mitochondria, cytochrome C450, cycloxygenase and NADPH oxidases 19 NO can also
be a source of ROS formation when eNOS is not working properly under the influence of
hypoxia. Oxygen free radicals interact with NO to create peroxynitrate, one of the most

harmful ROS in cardiomyocyte physiology ”,

It has been shown that ROS can initiate cell signaling cascades via changes in regulatory
proteins. Accumulation of ROS in Escherichia Coli changes the ﬁﬁol group (H-S group)
of regulatory proteins into the disulfide (S-S) leading to signal transduction of the
membrane and activation of various types of transcription factors such as superoxide
dismutase, catalase and glutathione reductase '°'. The role of ROS has been investigated
extensively during the last 5 years in various types of cells. The results suggest that ROS
can initiates some signals including activation of receptor tyrosine kinases, insulin
receptors, increased intracellular Ca®* concentration, JNK and P38 MAPK pathways

stimulation, and activation of NFxB and PKC-o. 101,

Defects in ATP production also affect sodium-potassium channels, resulting in higher
concentrations of Na* and Ca®* ions. Lack of energy changes the oxidation
phosphorylation pathway to glycolysis and production of acid. The depressed
intracellular pH leads to an increase in ionized Ca®* concentration and eventually a

. . + 102
reduction in Ca®" storage 0
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Collectively, the defect in ATP production during myocardial ischemia increases
cytoskeletal fragility, accelerates intracellular edema, changes membrane electro-
potential and intracellular Ca®* concentration, and produces ROS which then promote
further injury to cardiomyocytes during reperfusion '®*. However all of the above
alterations may be a signaling mechanism to save the myocardium from further injury by
reducing cardiac contractility and demands. Indeed if ischemia is severe enough, the

cardiomyocyte goes into a rapid process of death such as apoptosis and or necrosis.

Reperfusion, although necessary to restore blood flow into the myocardium and to save
myocardium from severe ischemia, is another type of damage to the cardiac tissue. Many
mechanisms are involved in reperfusion injury. Accelerated ROS formation that was
started during ischemia leads to persistent damage to the coronary endothelial layer and
cardiomyocyte membrane, action potential prolongation, early membrane depolarizatien
and contractility failure. These events finally result in activation of NFkB transcription
factor and translocation of this factor into the nucleus, followed by expression of different
inflammatory proteins and cytokines including IL-6, IL-8, TNFa, tissue factors, iNOS 104

and adhesion molecules such as selectins, VCAM-1 and ICAM-1 %,

A rapid rise in intracellular Ca*’, higher numbers of open L-type channels or
dihydropyridine receptors (DHPR), free release of Ca’* from ryanodine receptors (RyRs),
membrane leakage to Ca?* and failure to clear Ca>* from intracellular space are all
suggested mechanisms for further cardiac injury during the reperfusion period 103 1t is

important to note that during reperfusion white blood cells, especially polymorphonuclear
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cells (PMN), support further injury by releasing free radicals, proteolytic enzymes,
superoxide anions and hypochlorus acid into the injured area "', Complement cascades
also exaggerate reperfusion injury by activation of classic or alternative pathways to
create a membrane attack complex. This process is continued by opsonization of target
cells with i1C3b and the chemo-attractive effect of C3a and C5a. Interstitial edema during
reperfusion rapidly progresses because of the leaky endothelial layer causing lymphatic

drainage failure and vicious cycle of edema 92,106

Taken together, during reperfusion fast recovery of extracellular osmolarity is achieved
while intracellular osomolarity is still higher than normal because of deficiencies in ion

channel function suggesting increased cellular swelling and cellular vulnerability.

Also cytoskeletal filaments are fragile because of the existence of intracellular ROS
formation and low pH, while extracellular pH returns to normal faster indicating fast re-
energization in the presence of high intracellular Ca** levels and membrane fragility that

is also a cause of hypercontracture and disruption of sarcolema °>'%.

There are different theories and results explaining myocardial dysfunction during sepsis
and ischemia reperfusion injury. There is one common belief that, myocardial
dysfunction during these events is an inflammatory response which has intracellular

conscequences.
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1.4 Molecular mechanism of cardiac inflammation

1.4.1 ICAM-1 interaction initiates intracellular signaling

Regardless of the causes of inflammation in cardiac tissue, including endothelial cells or
cardiomyocytes, the final pathway is the activation of intracellular signaling. These
intracellular signaling pathways can be initiated by ROS formation (ischemia), LPS or
toll like receptor activation on inflammatory cells, and triggered cytokines production
(sepsis). They induce production of transcription factors such as NFxB and or HIF-1c.
These transcription factors are translocated into the nucleus and activate specific genes
including adhesion molecule such as selectin, VCAM-1 and ICAM-1 on the endothelial
cells. Additionally they can directly activate Atranslation of different inflammatory

proteins (Figure 1.1).

The cardiomyocyte has various types of adhesion receptors including ICAM-1. ICAM-1
(CD-54), a 76-114 kDa glycoprotein, is expressed in both normal and activated
cardiomyocytes 5960107 1t is a member of the immunoglobulin gene superfamily, which
includes other adhesion molecules such as ICAM-2, ICAM-3, VCAM-1, PECAM-1,
neural crest adhesion molecule-l (NCAM-1) and myelin adhesion glycoprotein 108,
ICAM-1 and ICAM-2 are constitutively expressed on endothelial cells. Cytokines and
LPS treatments increase endothelial ICAM-1 expression while the level of ICAM-2 is not

changed after endothelial cells activation 109,110
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ICAM-1 contains five extracellular Immunoglobulin domains, a transmembrane domain,
and a short cytoplasmic tail at its C terminal end. A soluble form of ICAM-1 (s ICAM-1)
has been found in normal human plasma at levels of 100-200 ng/mL HIM 1 s
speculated that the levels of SICAM-1 is under the control of matrix metalloproteinases
(MMP) and higher levels of SICAM-1 modulate inflammatory responses '>''®. The
sICAM-1 level increases markedly in many inflammatory reactions including
atherosclerosis, ischemia reperfusion injury, transplant rejection and chronic
inflammatory diseases '®!'"!8  Lower levels of ICAM-1 expression on tumor cells is
associated with increased metastasis and invasiveness of cancerous cells ''°. ICAM-1 is a
ligand for B,-integrins on leukocytes. This interaction between ICAM-1 and [,-integrins
(LFA-1) was prevented using an anti-ICAM-1 monclonal antibody as reported by Dustin

et al. '°. ICAM-1 is widely distributed in different cells including endothelial cells '*!,

ﬁbroblasts, dendritic cells, keratinocytes 122, mesenchymal cells, monocytes,

123 117 59,60

lymphocytes, epithelial cells “°, smooth muscle cells ' and cardiomyocytes
Expression of ICAM-1 on non-hematopoietic cells is low, but surface expression is
markedly up-regulated by various types of inflammatory mediators including LPS, IL-1(,
TNFa, and IFNy 8110124125 - cytokines can increase ICAM-1 production 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 and migration through a cultured
endothelial cell monolayer in vitro, a process involving the interaction of ICAM-1 with

LFA-1 (CD11a/CD18) and Mac-1 (CD11b/CD18). Immunofluorescence studies have

shown a punctuated distribution of ICAM-1 on endothelial cells and cardiomyocytes
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60110 T ocalized 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 binding to LFA-1 1_26'128. ICAM-1 can interact with various ligands

129 130,131

including fibrinogen *°, Rhinoviruses 125 Coxsackie viruses , and Plasmodium

falciparum '*2.

The relation between adhesion molecules such as Mac-1 and LFA-1 has been shown by
Smith and Lo in different studies. They 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 127128 'The above interaction can be inhibited using an
‘anti-ICAM-1 antibody, however only some kinds of ICAM-1 antibodies inhibited the

interaction between ICAM-1 and integrin receptors on leukocyte membranes.

The extracellular domains of ICAM-1 are important for interaction with their ligands.
This part is highly glycosylated indicating high solubility of ICAM-1. A flexible hinge
between domains 2 and 3 creates a good position for domains 1 and 2 to interact with
their ligands 133 The binding site for LFA-1 on the extracellular domains of ICAM-1 is

on the edge of domain 1 and at the center of C and D strands.

Maximal production of ICAM-1 is reached within 18 to 24 hours and its expression is
maintained about 48 hours after first activation. However the level of ICAM-1 expression
can be high as long as the inflammatory process is active or around ten days after

initiation of inflammation on coronary endothelial cells as reported by Bevilacqua and his
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colleagues ''%. LFA-1 (CD11a/18) binds to the first and second domains and Mac-1

(CD11b/18) binds to the third domain of ICAM-1.

Fibrinogen is also an important ligand for ICAM-1 34135 1t is a 340 kDa plasma protein
involved in inflammation and the coagulation cascade. It has been shown that fibrinogen

can facilitate the interaction of vascular endothelium and leukocytes '*

. The fibrinogen
molecule (composed of three o, B, and ¥ chains) has three domains, a central E domain
and two lateral D domains. Fibrinogen can infiltrate into the tissue during inflammation,
ischemia, trauma and cancer. The association of fibrinogen with a higher risk of
myocardial infarction and atherosclerosis has been reported in several studies 137 The
presence of thrombin affects peptides A and B of the central part' of the o and B chains
resulting in dissociation of the above two peptides from the related chains,
polymerization of fibrin molecules together and formation of fibrin networks 138 plasmin
cleaves ﬁbriﬁ nétworks and separates the two D domains from the central E domain
resulting in formation of fragment D and E in the serum. Fragment D contains o, § and ¥
chains '*. It has been shown that amino acid sequence of 117-133 of the v chain is the

location for adhesion to the first domain of ICAM-1. Hence both fibrinogen and fragment

D can attach to ICAM-1 13140,

Fibrinogen can increase endothelial leakiness and enhance angiogenesis on endothelial
cells 1% It is able to attach to ICAM-1 through its 117-133 amino acid sequence

located on its ¥ chain 34135 There is controversy about the location of fibrinogen

adhesion on ICAM-1. It seems that aspartic acid and proline residues and amino acid 8-




21 of domain-1 of ICAM-1 are very important for the above interaction. However those
amino acids are not on the 8-21 amino acid sequence of ICAM-1, which were previouslyv
shown to be important for the above interaction '**. Upregulation of ICAM-1 in
‘cardiovascular diseases is also accompanied by high expression of fibrinogen and vice
versa '*>'%¢ Fibrinogen and ICAM-1 interaction promotes platelet and leukocyte
adhesion on endothelial cells "¥’. It has been shown that fibrinogen deposition on -
endothelial cells was significantly reduced using ICAM-1 knock out mice in a model of
intestinal ischemia reperfusion injury 148 Hicks et al. have shown that fibrinogen
deposition on endothelial cells induced vasodilation, however when they increased
fibrinogen concentration this effect was converted to vasoconstriction 149. Fibrinogen
~ deposition upregulated ICAM-1 expression through activation of NFxP and IL-8

production #6150,

The short intracellular domain of ICAM-1 is an important part for initiation of signals.
Conformational change in tertiary structure of the ICAM-1 molecule induces
phosphorylation of different amino acids including tyrosine residues leading to activation
or inactivation of other downstream signals. It is evident that the cortical cytoskeleton is
an important regulator for thé above function. Carpen et al. have shown that a specific
region of ICAM-1, 478-505-peptide, interacted with alpha-actinin in chinese ovary
hamortoma cells '*'. This region is close to the cell membrane spanning region and
contains several positively charged residues, and appears to mediate a charged interaction
with alpha-actinin, which is not highly dependent on the order of the residues. They also

showed that ICAM-1 activation is through homo-oligomerization. This needs a substrate

32




from PI pathway (PIP2) to promote conformational change in tertiary structures of

intracellular domain of ICAM-1 "',

In another study, Vogetseder and his colleagues
have shown that the intracellular domain of ICAM-1 is associated with actin filaments in
endothelial cells '**. Cross-linking of ICAM-1 on synovial cells induced IL-1pB
transcription and AP-1 activation. 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 '>*. ICAM-1 cross-linking initiated production of oxidative metabolites
and oxygen free radicals on monocytes 134 1t has been shown that cross-linking of
ICAM-1 on HUVEC cells can increase VCAM-1 expression and exacerbate the
inflammatory reaction '*!. A study on brain microvascular endothelial cells reported by
Durieu-Trautmann et al. has shown the tyrosine phosphorylation of the cytoskeleton-
associated protein, cortactin, after ICAM-1 activation suggesting interaction of ICAM-1
with cytoskeletal proteins '>°. Activation of ICAM-1 receptors on Burkitt cell lymphoma
increased Ca®" concentration '*®. Etienne et al. have also found that ICAM-1 cross-
linking on brain endothelial cells participated in cellular shape changes and gene

Lo
regulation .

Interaction between fibrinogen and ICAM-1 induces tyrosine phosphorylation at
locations 474 and 485 of cortactin which is also associated with the intracellular domain
of ICAM-1 '*. The above interaction also increased phosphorylation of cortactin on
endothelial cells "*'%. Holland et al. have shown adhesion of fibrinogen on ICAM-1
- phosphorylated Erk1/2 which is through the interaction of sequences 117-133 of

fibrinogen and 8-21 of ICAM-1 129,159,
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ICAM-1 is not only responsible for interaction of leukocytes and proteins with the target
cells, but is also involved in antigen recognition through major ﬁistocompatibility
complex (MHC-II) interaction. Exogenous antigens are engulfed and processed in
antigen presenting cells followed by presentation of the abovq antigens to the CD4 T
lymphocytes. Interaction between T cell receptbr complexes such as CD3, CD4/CDS8
with MHC- restricted antigen presenting cells initiates intracellular signaling. ICAM-1
acts as an accessory molecule in strengthening the interaction between CD4 and MHC-II
to initiate an immune response once the T cells has interacted with exogenous antigens.
Hence ICAM-1 plays a major role after exogenous antigens fragments have interacted

with T cell receptors.

In the next chapters I will discuss the novel finding of cardiomyocyte ICAM-1 activation
in regard to cardiomyocyte contractility and finally cardiac contractility. The possible
pathways which may be involved in ICAM-1 activation and intracellular signaling will be
studied. The possible ligands for cardiomyocyte ICAM-1 were considered and studied in
the in vitro and in vivo models in chapters 2, 3 and 4. Finally the similar ex vivo model
for high expression of ICAM-1 on cardiac tissue was used to find a new therapeutic

intervention to inhibit intracellular signaling.
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1.5 General Hypothesis

In this thesis my general hypothesis is that the vexpression and activation of
cardiomyocyte ICAM-1 is responsible for myocardial depression during sepsis. I also
hypothesize that the expression of ICAM-1 can be modulated by intervention in

intracellular signaling cascade of ICAM-1 for example PI3K pathways (Figure 1.2).

In order to test this hypothesis, in an in vitro model I first show that cardiomyocyte
ICAM-1 expression increases after cytokine treatment and activation of ICAM-1 by
adherent PMN and cross-linking of ICAM-1 decreases dardiomyocyte contractility.
Using an in vivo model I then show that the absence of ICAM-1 on cardiac tissue is
protective against the effect of LPS on cardiac _contractility. I also investigate the

presence of inflammatory cell in the cardiac tissue after LPS injection.

Next I show that the interaction of ICAM-1 with fibrinogen results in a decrease in
cardiomyocyte contractility and fibrinogen can infiltrate into the cardiac tissue after LPS

injection thereby fibrinogen can trigger cardiomyocyte ICAM-1 activation.

Using an ex vivo model of myocardial ischemia reperfusion injury, I show that ischemia-
reperfusion injury is associated with high expression of ICAM-1. I also show that IGF-1
therapeutic intervention can prevent ICAM-1 expression during reperfusion period
resulting in better cardiac function and less cardiac injury. This latter effect of IGF-1 is

partly because of less ICAM-1 expression on cardiac tissue.
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1.6

Conclusions

The final conclusions of this thesis are;

1-

2

3-

Cardiomyocyte ICAM-1 activation decreases cardiomyocyte contractility.
Cross-linking of ICAM-1 or adhesion of PMN activates ICAM-1.

ICAM-1 activation is‘ associated with cortical cytoskeletal assembly and
disruption of cortical actin filaments inhibits this effect of I[CAM-1 on the
cardiomyocyte contractility.

ICAM-1 activation alters intracellular Ca>* propagation.

The lack of ICAM-1 on cardiac tissue is protective against the effect of LPS.
Fibrinogen adhesion to ICAM-1 can activate this receptor and decrease
cardiomyocyte contractility.

Ischemia reperfusion injury is associated with an increase in cardiac ICAM-1
expression. IGF-1 prevents the membranous presentation of ICAM-1 thereby

protects cardiac tissue from further injury.
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Chapter-2

Novel regulatory mechanism of cardiomyocyte contractility involving
ICAM-1 and the cytoskeleton

131  Abstract

ICAM-1 mediates interaction of cardiomyocytes with the extracellular matrix and
leukocytes, and may play a role in altering contractility. To investigate this possibility rat
ventricular cardiomyocytes were activated using TNFa, IL-1 or LPS, washed, co-
cultured with quiescent rat polymorphonuclear leukocytes (PMN) for 4 hours, and
electrically stimulated to determine fractional shortening. PMN co-cultured with
activated cardiomyocytes reduced control fractional shortening of 20.5+0.7% 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. However, PMN adherence and decreased fractional shortening were
prevented by anti-ICAM-1 and anti-CD18 antibodies. Reduced fractional shortening was
reproduced in the absence of PMN by ICAM-1 binding using cross-linking antibodies
(reduced by 36+3% from control, p<0.01). Immunofluorescent staining demonstrated
increased cortical cytoskeleton-associated FAK expression following ICAM-1 cross-
linking, suggesting involvement of the actin cytoskeleton. Indeed, disruption of F-actin
filament assembly using cytochalasin D or latrunculin A did not prevent PMN adherence
but prevented decreased fractional shortening. Inhibiting the cytoskeleton-associated
Rho kinase pathway using HA-1077 prevented ICAM-1 mediated decreases in

cardiomyocyte contractility, further suggesting a central role of the actin cytoskeleton.

! This chapter has been published in American Journal of Physiology (Heart and Circulatory) 2004
Sep;287(3):H1013-22, o
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Importantly, ICAM-1 cross-linking did not alter the total intracellular Ca®" transient
during cardiomyocyte contraction but greatly increased heterogeneity of intracellular
Ca?" rélease. Thus, we have identified a novel regulatory mechanism of cardiomydcyte
contractility involving the actin cytoskeleton as a central regulator of the normally highly
coordinated pattern of sarcoplamic Ca®" release. Cardiomyocyte ICAM-1 binding, by

PMN or other ligands, induces decreased cardiomyocyte contractilty via this pathway.

Key words: ICAM-1, Intracellular signaling, FAK, Rho, Calcium.
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2.2 Introduction

Intramyocardial inflammation, for example following ischemia-reperfusion, in
inflammatory cardiomyopathy, during orthotopic heart transplant rejection, and during

sepsis-induced myocardial dysfunction, results in increased expression of ICAM-1 on

92,160-162 92,160-162

cardiomyocytes and accumulation of intramyocardial leukocytes

Adhesion of polymorphonuclear leukocytes (PMN) or macrophages to cardiomyocytes is
mediated in part by binding to ICAM-1 on cardiomyocytes. If PMNs are highly activated

they kill cardiomyocytes within minutes by release of reactive oxygen intermediates

100,163,164 However, ICAM-1 mediated adhesion of relatively quiescent

macrophage/monocytes to cardiomyocytes causes a reduction in contractiltiy without

cardiomyocyte killing 5% and a recent report implicates ICAM-1 in mediating reduced

cardiomyocyte contractility independent of PMN accumulation 160,

ICAM-1 is fundamentally important in linking extracellular mechanical signéls to

123,151

regulation of intracellular processes . ICAM-1 is closely associated with the actin

123,165

cytoskeleton and ICAM-1 binding increases linkage between the cell surface

ICAM-1 receptor and the cytoskeleton 152,166 Whether the cytoskeleton plays a role in
modulating cardiomyocyte contractility is unknown and potential signaling pathways and
mechanisms involved have not been identified. Accordingly, we postulated that ICAM-1
and the cardiomyocyte cytoskeleton may be involved in a novel pathway leading to

cardiomyocyte contractile dysfunction. =~ While many mediators (e.g., cytokines,

167-169

leukocytes, reactive oxygen intermediates, NO) and pathways (e.g., apoptosis,

16,18,45,46,69,170

adrenergic signaling) are involved in myocardial dysfunction during
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intramyocardial inflammation, here we focus on the potential role of ICAM-1 binding

and its relationship to the cardiomyocyte cytoskeleton.
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2.3  Materials and Methods

This study was approved by the University of British Columbia Animal Care Committee
and adheres to Canadian and National Institutes of Health guidelines for animal

experimentation.

2.3.1 Isolation of rat ventricular myocytes: Male 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% O,, 5% CO»)
HEPES-Joklik modified MEM buffer (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 (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 um nylon mesh. The cells were then
washed three times at 37°C in MEM containing increasing Ca®* concentrations (200 uM,
500 uM and 1 uM), 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, 100 puL
loaded into each well of 96 well plates, and incubated at 37°C in 95% O, 5% CO,. At 90
minutes, the medium was changed to fresh M199 with BSA and the cardiomyocytes were

incubated for 24 hours to allow them to become relatively quiescent. After 24 hours cells
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were 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%.

2.3.2 Cardiomyocyte ICAM-1 protein expression: We and others have shown that
activation of cardiomyocytes by inflammatory cytokines increases cardiomyocyte

expression of ICAM-1 59,160,171

To confirm this we measured ICAM-1 protein
expression on cardiomyocytes incubated with TNFo (20 ng/mL) for 4 hours and then
fixed using paraformaldehyde 3% for 30 minutes. Cardiomyocytes were incubated with
mouse anti-rat ICAM-1 antibody (1A29, BD Pharmingen) 10 pg/mL for 3 hours, washed,
and incubated with a fluorescent secondary anti-mouse antibody (Alexa-Fluor 488, 1/500,
Molecular Probe, Eugene, OR) for 3 hours and imaged using confocal microscopy

(LEICA DIMRE2, Exton, PA). The mean of intensity / pixel of each cardiomyocyte was

measured using Image Pro-Plus {Cybernetics, 1998}.

2.3.3 Cardiomyocyte ICAM-1 mRNA expression: Cardiomyocytes (5 10%) were
cultured in 60 mL laminin coated dishes and incubated with or without TNFo.. Cells were
then lysed and frozen at —70°C. RNA was extracted using standard technique of Qiagen
~ RNA kit (Qiagen Inc. Mississauga, ON, Canada): 1 puL eluted RNA was added to 999 uL
of 0.1M NaOH solution in vdiethyl pyrocarbonate-water; 3 pg of RNA. were taken as

constant template for RT cycle to make cDNA; 2 puL of cDNA were made from total

RNA and used as template to amplify rat ICAM-1 and rat GAPDH using the following




primer sequence: 5> AGG TCA GGG GTG TCG AGC (forward ICAM-1 primer) and 5’
CAA GGA GAT CAC ATT CAC GG (reverse ICAM-1 primer). The PCR conditions for
Perkin Elmer 9700 model were 95°C for 15 minutes (Qiagen Taq Polymerase enzyme
Activation), denaturing at 94°C for 30 seconds, annealing at 55°C for 30 seconds and
extension at 72°C for 1 min. The whole cycle was repeated 40 times. PCR products were
separated on 3% agarose gel stained with ethedium bromide and visualized using Eagle
eye UC scanner. The ratio of ICAM-1 signal was normalized to GAPDH signal for each
time point sample. The final results of TNFa treated cardiomyocytes were compared to

controls.

2.3.4 Measurement of cardiomyocyte fractional shortening: Fifteen minutes before
measuring fractional shortening 2 ML of 0.5% trypsin was added to each well.
Preliminary experiments demonstrated that this concentration of trypsin did not alter cell
viability and cleaved greater than 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 SLV-760HF) at 400X
magnification.  This electrical stimulus was chosen from preliminary threshold
experiments, as two times the minimum electrical stimulus required to maximally
contracting the cardiomyocytes. Still frames of systolic and diastolic cardiomyocytes

were captured using Scion Image PC (Scion, Frederick, MD) and cardiomyocyte
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fractional shortening was calculated as the difference between diastolic and systolic

length divided by diastolic length.

2.3.5 Isolation of peripheral blood PMN: Male Sprague-Dawley rats (250-300 g)
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-Aldrich Canada, Oakville, ON) to remove the remaining erythrocytes and
mononuclear cells. Purified PMN were resuspended in M199 and used immediately. In
further experiments PMN were fixed by incubation in paraformaldehyde 3% for 15

minutes or, alternatively, by incubation in glutaraldehyde 0.025 % for 30 minutes.

2.3.6 CDI11b expression on PMN: To confirm that this very low concentration of
gluteraldehyde preserves the extracellular domains of PMN CD11b 172 freshly isolated
PMN aﬁd gluteraldehyde-fixed PMN were incubated with mouse anti-rat CD11b R-PE
conjugated antibody (Biosource, Camarillo, CA) or non-specific mouse anﬁbody (IgG
negative control, Biosource) 30 pL/mL for 30 minutes. Cells were washed with PBS,
fixed with paraformaldehyde 3%, and read using a flow cytometer (EPICS XL-MCL,

Beckman Coulter, Miami, FL).

2.3.7 Co-culture of PMN and cardiomyocytes: After 24 hours of cardiomyocyte

incubation 50,000 freshly isolated PMN were added to each well of cardiomyocytes
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(ratio of 10 PMN per cardiomyocyte) in the 96 well laminin-coated plates for co-culture
experiments. During off-line analysis of captured video sequences, we viewed all
cardiomyocytes throughout a contraction. To be counted as adherent, PMN had to move
with the contracting cardiomyocyte and maintain a contact relative location on the

cardiomyocyte membrane during contraction.

2.3.8 ICAM-1 cross-linking: Following previously reported methods of cross-linking

ICAM-1 and initiating intracellular signaling '*>'7>-!"*

, we incubated cardiomyocytes with
mouse anti-rat ICAM-1 1 pg/mL or control mouse non-specific IgG 1 pg/mL (Dako,
Carpinteria, CA) for one hour. Cells were washed and then incubated with goat anti-

mouse IgG 10 pg/mL (Transduction Laboratories, San Jose, CA) for 4 hours to cross-link

the bound anti-ICAM-1.

2.3.9 Immunoflurescent imaging of Focal Adhesion Kinase (FAK):
Cardiomyocytes were cultured on 8 well laminin coated slides (LAB-TEK, Naperville,
IL). After 24 hours, ICAM-1 on cardiomyocytes was cross-linked as above. Cells were
fixed and permeabilized with paraformaldehyde 3% for 20 minutes and Triton X-100 0.5
% for 5 minutes in Microtubule Stabilizing Buffer (MES 0.1 M, EGTA 2mM, MgCl,
2mM, and 4% polyethylene glycol 8000, Sigma-Aldrich). After blocking with PBS +
0.5% BSA for 60 minutes, rabbit anti-FAK 40 pg/ml (UBI, Lake Placid, NY) was added
and incubated overnight at 4°C. After washing, Alexa fluor 488 labeled secondary goat
anti-rabbit 10 pg/mL (Molecular Probes, Eugene, OR) was added for 45 minutes at room

temperature.
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Images were captured using a Noran Oz laser scanning confocal microscope with a high
power objective lens (Nikon, Plan Fluor, 100X oil, NA: 1.30) and slit width of 10 um.
For visualizing the Alexa 488-labelled specimens, the sample was illuminated using 488
nm light from an Argon-Krypton laser. A high-gain photomultiplier tube collected the
emission after it had passed through a 525/52 nm band pass 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.

To obtain high resolution images within the cortical cytoplasm, multiple images were
acquired along the Z-axis at 0.5 pum steps. Z-stack images were deconvolved using
XCOSM ' and a reconstructed image 2 pm from the top surface of each cardiomyocyte

was evaluated. Fluorescence intensity of FAK staining was then measured as mentioned.

2.3.10 Cardiomyocyte Ca®" transient: Cardiomyocytes (10*) were cultured in each
well of 8 well laminin coated slides. After ICAM-1 cross-linking or control,
cardiomyocytes were incubated with 2 uM Fluo-4 .(F14201, Lot 28A2-5, Molecular
Probes) for 10 minutes, washed 3 times, and electrically stimulated as above. One
hundred and fifty time series images were captured at 33 millisecond intervals during
cardiomyocyte contraction using laser scanning confocal microscopy. To quantify
coordination of simultaneity of intracellular Ca®" release, three regions of interest were
selected at the center and at each end of each cardiomyocyte. The mean intensity/pixel in
each region of interest was measured from the beginning of contraction to the end of

relaxation in each cardiomyocyte. The relative dispersion between the three regions of
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interest was used to quantify heterogeneity. The time integral of Ca’" intensity curve was

used to quantify total Ca*" release.

2.3.11 Data analysis: We tested for differences in fractional shortening and number of
adherent PMN between control and treated groups of cardiomyocytes using 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. Data are expressed as means * standard error throughout.
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2.4 Results

2.4.1 Uniform co-culture conditions: We conducted preliminary experiments to
establish uniform co-culture conditions for the experiments in this study. Preliminary
experiments démonstrated that, after 24 hours incubation, cardiomyocyte fractional
shortening was 20.5+0.7 % (n=36). In the absence of PMN, fractional shortening did not
significantly change following activation of quiescent cardiomyocytes using a 2 hour
incubation with TNFa. 20 ng/mL (BD Pharmingen, San Jose, CA) (91.3+4% of control,
p=NS), interleukin IL-1f 20 ng/mL (Sigma-Aldrich) (91.1£6% of control, p=NS), or
lipopolysaccharide 10 pg/mL (Sigma-Aldrich) (86.5+5% of control, p=NS). One hour
after TNFa activation, the ratio of cardiomyocyte ICAM-1 to GAPDH mRNA increased
from 0.091+0.08 to 0.361+ 0.10. Similarly, following TNFo activation, ICAM-1 protein

expression significantly increased (Figure 2.1).

When non-activated cardiomyocytes were co-cultured with freshly isolated PMN for 4
hours, fractional shortening did not change (20.7+1.2 %, n=36) (Figure 2.2A). However,
TNFa-activated cardiomyocytes in co-culture with freshly isolated PMN did decrease
fractional shortening. Based on the percentage of cardiomyocytes with normal
morphology, the number of PMN adherent to each cardiomyocyte, and maximal
contractile dysfunction (Figure 2.2) all subsequent experiments were conducted following

a 4-hour co-incubation of TNFo-activated cardiomyocytes and freshly isolated PMN.

50




ICAM-1 protein expression of control and activated cardiomyocytes

700 *

600 -

500

400

300 -

200

100
Qi

Mean intensity of Green-Fluorescent

Control Activated

*p<0.01

Figure 2.1 ICAM-1 protein expression on cardiomyocytes increases 4 hours after activation with
TNFa (B) compared to non-activated controls (A), which was significantly different (*, p<0.01) (bottom

panel).
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Figure 2.2 Preliminary experiments were used to determine the conditions for all further

experiments. Panel A shows that PMN in co-culture with quiescent cardiomyocytes (Triangle) did not alter
fractional shortening while PMN in co-culture with activated -cardiomyocytes (which induces
cardiomyocyte ICAM-1 expression) significantly reduces fractional shortening by 4 hours of co-culture
(Squares). Panel B shows that the number of PMN adherent to activated cardiomyocytes increases to a
maximum at 4 hours and cardiomyocyte viability remains high until 4 hours in co-culture. Based on these
results further experimental measurements used PMN in co-culture with TNFa-activated cardiomyocytes

for 4 hours.
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2.4.2 Adherent PMN reduce cardiomyocyte fractional shortening: When activated
cardiomyocytes were co-cultured with freshly isolated PMN, fractional shortening
decreased significantly in TNFa, (-34.2+5%, p<0.001), IL-1§ (-48.6+3.2%, p<0.001) and
LPS (-23.1i3.9%,\p<0.001) treated cardiomyocytes. Average PMN adhesion increased
from 1.1£0.2 PMN per cardiomyocyte in the non-activated cardiomyocytes to 2.7+0.2,
1.410.1, 1.940.2, in the TNFo, IL-1B, and LPS treated cardiomyocytes respectively
(p<0.05 for each). Fractional shortening of cardiomyocytes in co-culture with PMN

decreased by -2.84+0.3% per adherent PMN (p<0.001) (Figure 2.3A).

Adherent PMN may have contributed to decreased cardiomyocyte contractility simply by
release of reactive oxygen intermediates or other mediators in close proximity to the

cardiomyocyte 164,

Alternatively, adhesion itself may have cpntributed. To help
distinguish between these two possibilities we fixed PMN before co-culture. First, PMN
were fixed with paraformaldehyde 3% for 15 minutes. After washing five times, fixed
PMN were co-cultured with cardiomyocytes. Paraformaldehyde-fixed PMN decreased
fractional shortening by 27+2% compared to control (p<0.05), which is comparable to the
effect of freshly isolated PMN. Gluteraldehyde-fixed PMN similarly decreased
cardiomyocyte fractional shortening by 25+4% (p<0.05) compared to control. The
relationship between the number of adherent PMN versus decrease in fractional
shortening was preserved (Figure 2.3B) suggesting that this effect was due to adhesion of

PMN to cardiomyocytes. To exclude the possibility that gluteraldehyde fixation may

have prevented binding by altering the
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Figure 2.3 Panel A illustrates that fractional shortening of cardiomyocytes decreased as the number
of attached PMN per cardiomyocyte incrgased. Panel B illustrates that this same effect was present even
when PMN were first killed and fixed using either gluteraldehyde or paraformaldehyde. These results
implicate PMN-cardiomyocyte binding as a key step in mediating decreased cardiomyocyte fractional

shortening. Numbers within columns indicate the number of cardiomyocytes measured.
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extracellular domain of CD11b on PMN we used a low concentration of glutaraldehyde

and confirmed unchanged CD11b expression on PMN using flow cytometry (Figure 2.4).
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Figure 2.4 Flow cytometery of freshly isolated (left hand panels) and gluteraldehyde-fixed (right

hand panels) PMN is shown. Panel A shows results for freshly isolated PMN (identified from side scatter —
back scatter plots) incubated with non-specific IgG. Panel C shows results for freshly isolated PMN,
incubated with antibody to CD11b. Increased fluorescent intensity specific for CD11b is seen. Panel B
shows results for gluteraldehyde-fixed PMN incubated with non-specific IgG. In comparison panel D

demonstrates the same increase in fluorescent intensity specific for CD11b as seen with freshly isolated

PMN (panel C).
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2.4.3 ICAM-1 binding mediates decreased cardiomyocyte contractility: Antibody to
ICAM-1 and antibody to CD-18 (Pharminogen), to block this important PMN-expressed
ligand of ICAM-1, prevented the PMN-induced decrease in cardiomyocyte fractional
shortening (Figure 2.5A). The average number of PMN adherent to each
TNFo~activated cardiomyocyte was also reduced by antibody to ICAM-1 and antibody
to CD-18 (control 2.7+0.2, antibody to ICAM-1 1.2+1.0, antibody to CD-18 1.1+1.0
adherent PMN per cardiomyocyte). Thus, the contractile effect of PMN binding involves

binding to cardiomyocyte ICAM-1.

To demonstrate that PMN binding, and the decrease in contractility, in co-culture with
gluteraldehyde-fixed PMN were still ICAM-1 - dependent, we repeated these
experiments with and without antibody to ICAM-1. The number of adherent
gluteraldehyde-fixed PMN was reduced from 1.8 £ 0.2 to 0.58 £ 0.1 by antibody to
ICAM-1 and the decrease in fractional shortening was prevented (fractional shorténing in
the presence of PMN without anti-ICAM-1 16.8 & 1.1%, with anti-ICAM-1 22.0 = 1.1%,

p<0.05).

To determine whether ICAM-1 binding itself can cause decreased contractility we used
cross-linking antibodies to ICAM-1, in the absence of PMN. ICAM-1 cross-linking
decreased fractional shortening by 36+3% compared to control groups at 4 hours (Figure
2.5B). In contrast, replacement of anti-ICAM-1 antibodies with nonspecific IgG,
followed by addition of cfoss—linking antibodies, did not change fractional shortening

compared to control.
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Figure 2.5 Panel A shows that the decrease in cardiomyocyte fractional shortening in the TNF-

activated cardiomyocyte-PMN co-culture group (*, p<0.05) was prevented by either antibody to ICAM-1
or antibody to its important ligand, CD18. Panel B demonstrates that, even in the absence of PMN, ICAM-
1 cross-linking reduces cardiomyocyte fractional shortening (*, p<0.05). This effect is prevented by

disruption of the actin cytoskeleton, either by cytochalasin D or latrunculin A.
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244 ICAM-1 cross-linking alters the cortical cytoskeleton: ICAM-1 is connected

123.15L.152.185 " 14 test for involvement of the cortical cytoskeleton

to cytoskeletal proteins
following ICAM-1 cross-linking we examined the distribution of the actin cytoskeleton-
associated protein FAK within cardiomyocytes. Immunofluorescent imaging of FAK at 2

um below the cardiomyocyte surface demonstrated increased cytoskeleton-associated

FAK staining in ICAM-1 cross-linked cardiomyocytes compared to controls (Figure 2.6).

2.4.5 Functional role of the cardiomyocyte actin cytoskeleton: 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 preincubated
cardiomyocytes with cytochalasin D 10 uM, an actin depolymerizing agent, for 2 hours.
Control cardiomyocyte fractional shortening was not altered by this concentration of
cytochalasin D (106+10% of control fractional shortening, n=39 vs. n=60 coﬁtrols)
confirming previous observations that these concentrations of cytochalasin D did not

have a measurable effect on the function of sarcomeric F-actin '’

Cytochalasin D
prevented the decrease in cardiomyocyte contractility due to ICAM-1 cross-linking
(Figure 2.5B). We repeated these experiments, disrupting the actin cytoskeleton in an
independent way using Latrunculin A (Calbiochem, San Diego, CA) 10 uM, an agent
that sequesters monomeric actin and inhibits elongation of actin filaments '77'7%,
Latrunculin A by itself did not significantly alter .cardiomyocyte fractional shortening
(111£10% of control fractional shortening, n=29 vs n=22 controls). Again, latrunculin A

prevented the decrease in cardiomyocyte contractility due to ICAM-1 cross-linking

(Figure 2.5B).
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Similarly, in experiments of PMN co-cultured with activated cardiomyocytes,
cytochalasin D and latrunculin A prevented the PMN-induced decrease in cardiomyocyte
fractional shortening (control 20.5+0.6%, cardiomyocyte-PMN co-culture 13.6+0.8%,
cytochalasin D 17.5+1.2% and latrunculin A 19.9+2.7%) but did not alter the number of
PMN adherent to cardiomyocytes (1.6+0.4, 1.8+0.5, and 1.3+0.8 in control, Cytochalasin

D, and Latrunculin A respectively).
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Figure 2.6 Top panels show example FAK staining in control (top left hand panel) and ICAM-1

cross-linked cardiomyocytes (top right hand panel). The bottom panel shows average results for all
cardiomyocytes (n=64 for each group from 6 experiments) indicating that ICAM-1 cross-linking increases

FAK expression associated with the cortical actin cytoskeleton 2 um below the cardiomyocyte surface (*,

p<0.05).
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2.4.6 Possible downstream signaling pathways: Rho family proteins (small G
proteins) are associated with the actin cytoskeleton and regulate both cytoskeletal
reorganization and gene expression. To investigate the role of these pathways we used
Fusadil (HA-1077, Sigma-Aldrich), an inhibitor of Rho-kinase, in ICAM-1 cross-linked
cardiomyocytes. HA-1077 50 uM completely pre&ented ICAM-1 binding-induced
decreases in cardiomyocyte fractional shortening (Figure 2.7) suggesting that this actin
" cytoskeleton-associated signaling pathway mediates [CAM-1 binding-induced decreases

in cardiomyocyte fractional shortening.

FAK activation leads to activation a series of proteins and pathways, including MAPK
bpathways in other cell lines !”°. To investigate the role of these pathways on contractility
of ICAM-1 cross-linked cardiomyocytes, we treated ICAM-1 cross-linked
cardiomyocytes with the ERK1/2 inhibitor, PD98059 10 uM (New England BioLabs Ltd.
- Mississauga, OA, Canada) 20 uM. ERK1/2 inhibition had no effect on the ICAM-1-
induced decreases in cardiomyocyte fractional shortening (Figure 2.7) suggesting fhat

this signaling pathway was not directly involved.

62




25 1

°‘\°' 20 g
o I
=
c
D . *
t I ¥*
o I
N -
n 68
® 101 31
S
= 68 47
Q 5
o
L
0
Control ICAM-1 ICAM-1 ICAM-1
cross-linked cross-linked cross-linked
+ HA-1077 + PD98059
Figure 2.7 The effect of ICAM-1 cross-linking on fractional shortening (*, p<0.05 compared to

Control) is prevented by the Rho A inhibitor (HA-1077) but not by the MAPK inhibitor (PD98059).




2.4.7 ICAM-1 activation changes the pattern of Ca’" release: To better understand
how ICAM-1 binding could alter contractility we measured the cardiomyocyte
intracellular calcium transient. ICAM-1 cross-linking changed the pattern of Ca*" release
in contracting cardiomyocytes. Ca®* release changed from homogenous and
synchronized in control cardiomyocytes to a focal starting point propagating wave in
ICAM-1 cross-linked cardiomyocytes (Figure 2.8). The focal starting point propagating
wave occurred in 86+3% of ICAM-1 cross-linked cardiomyocytes compared to 31£7% of
control cardiomyocytés (p<0.05). As a result, ICAM-1 cross-linking increased the
duration of the Ca®" transient (Figure 2.8A). The slope over the most linear middle 50%
of the decay curve was decreased to 1.53 = 0.14 X 10* in ICAM-1 cross-linked
cardiomyocytes from 2.94 + 0.24 X 10* in control cardiomyocytes (p<0.0001).
Heterogeneity of Ca®" release increased in the ICAM-1 cross-linked grbup as indicated
by an increase in relative dispersion in ICAM-1 cross-linked cardiomyocytes (Figure
2.8B). Total Ca®' release (integral of Ca’" release in Figure 2.8A) did not differ

significantly in ICAM-1 cross-linked cardiomyocytes versus controls.
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2.5 Discussion

The key finding of this study is that ICAM-1 binding decreases cardiomyocyte
contractility. ICAM-1 binding by freshly isolated PMN, by PMN fixed in eitﬁer
paraformaldehyde or gluteraldehyde, and ICAM-1 binding using cross-linking antibodies,
ail caused a significant decrease in cardiomyocyte contractility. The actin cytoskeleton
plays a central role. Evidence for this includes increased immunofluorescent staining of
cortical actin cytoskeleton - associated FAK (2 um below the cell surface) after ICAM-1
cross-linking. The decrease in cardiomyocyte contractility due to ICAM-1 cross-linking
could be preventéd by cytochalasin D and, using an alternative strategy, by latrunculin A.
Furthermore, inhibition of the cytoskeleton - associated Rho kinase pathway also
prevented decreased contractility due to ICAM-1 cross-linking. The ultimate mechanism
of loss of contractility due to ICAM-1 binding appears to be loss of the normal
coordination of intracellular Ca®* release. Even though total intracellular Ca®* release
during a single contraction did not change significantly, the release did not occur in the
normal coordinated manner throughout the entire cell over a short period of time, so that
fractional shortening decreased.

107.180,181 y1ays an important role in

ICAM-1 expression on activated cardiomyocytes
ICAM-1 - CD18 dependent adhesion of PMN to cardiomyocytes 107164171 11 a whole
animal model, antibody to CD18 protects against myocardial damage and dysfunction

following ischemia-reperfusion '*"'® and reduces PMN adherence within the heart.

ICAM-1 and CD18 deficient mice demonstrate a marked
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Figure 2.8 The top panels illustrate in typical examples that Ca’* release and reuptake in control
cardiomyocytes is rapid whereas Ca’" release in ICAM-1 cross-linked cardiomyocytes is much slower, with
the appearance of a wave of Ca®" release moving along the length of the cardiomyocyte. Average results
for all cardiomyocytes are shown in the bottom panel for control cardiomyocytes (n=37, solid line) and for
ICAM-1 cross-linked cardiomyocytes (n=67, dashed line) demonstrating increased dispersion, or
heterogeneity, of calcium release in ICAM-1 cross-linked cardiomyocytes. The coefficient of variation is

particularly increased in ICAM-1 cross-linked cardiomyocytes for the first 1.5 seconds after cardiomyocyte

electrical stimulation.
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reduction in PMN accumulation and myocardial necrosis after acute ischemia-reperfusion
'8 Activated PMN in vitro can cause dysfunction and kill cardiomyocytes within
minutes via production of reactive oxygen intermediates 163,164 " However, this short time

course and the cardiomyocyte necrosis caused by highly activated PMN are not fully

consistent with in vivo observations of the prolonged time course of

103,184 38,55,66,185

ischemia/reperfusion-induced myocardial stunning and of sepsis It is
useful to note that PMN adhesion to human umbilical vein endothelial cells following
anoxia/reoxygenation demonstrate both early effects (minutes) mediated by reactive
oxygen intermediates and late effects (hours) involving other pathways 186 including the
actin cytoskeleton '*’. In these cells PMN-induced cytoskeletal changes are inhibited by

antibodies to ICAM-1 ', Thus, our results are consistent with, and extend, previous

studies.

This novel mechanism of decreased cardiomyocyte contractility implicates the
cytoskeleton in maintaining normal coordination of intracellular Ca®" release and, hence,
normal contractility. Ca24'-induced Ca®* release from the sarcoplasmic reticulum
triggered by Ca®’ influx via dihydropyridine receptors is the main regulator of
cardiomyocyte contractility 188,189 The novel ﬁnding that impaired coordination of Ca2+-
induced Ca’" release is an additional mechanism regulating cardiomyocyte contractility
may have broad implications in myocardial processes involving inflammation and up-
regulation of ICAM-1 expression on cardiomyocytes. It may play a role in disease

processes which involve leukocyte infiltration in the heart including ischemia

reperfusion, inflammatory cardiomyopathy, and septic myocardial dysfunction.




Furthermore, disease and repair processes that alter extracellular matrix constituents so
that increased ICAM binding occurs, may also be implicated. For example, changing
extracellular matrix composition and ICAM-1 expression also occur during normal

embryogenesis 190,191

PMN and macrophages have previously been shown to bind ICAM-1 expressed on

59107164 1 many of the studies of the interaction between highly

cardiomyocytes
activated PMN and cardiomyocytes, [CAM-1 mediates binding and activated neutrophils
cause cardiomyocyte cell death by release of reactive oxygen intermediates. The effect
of non-activated neutrophils and ICAM-1 binding by itself has not previously been
examined. However, Simms et al. > reported that ICAM-1 mediated the effects of
macrophage/monocyte binding on decreased cardiomyocyte contractility. Recently,

Raeburn, et al. 160

report that ICAM-1 and VCAM-1 mediate endotoxemic myocardial
dysfunction independent of neutrophil accumulation in the myocardium. While the

earlier results implicate ICAM-1 largely as a mediator of tethéring of cytotoxic

107,164 59,160

neutrophils to cardiomyocytes , these recent studies suggest a potential

alternative role for ICAM-1 binding.

Our current results identify and illuminate this potential alternative role. Binding of
freshly isolated PMN to cardiomyocytes causes a decrease in contractility without
cardiomyocyte cell death, presumably because the PMN are not highly activated and
releasing reactive oxygen intermediates and other damaging mediators. To conﬁrm this,

and to exclude the possibility that PMN release damaging mediators as a result of PMN
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activation during the isolation procedure, we repeated these experiments in both
paraformaldehyde and gluteraldehyde - fixed PMN. Surprisingly, éven when PMN are
killed and fixed in two different ways, to prevent further activation and release of
mediators, PMN still cause a dose-dependent decrease in cafdiomyocyte contractility
(Figure 2.3). The .importance of ICAM-1 binding by itself in causing decreased
contractility was then confirmed in a leukocyte-free condition where ICAM-1 cross-
linking antibodies were applied - which results in a decrease ih cardiomyocyte

contractility.

This decrease in contractility clearly involves the corﬁcal actin cytoskeleton. First,
utilizing 3D reconstruction techniques to examine the cortical region of dardiomyocytes,
we found that cytoskeletal-associated FAK expression increases following ICAM-l
binding. Furthermqre, inhibition of normal cytoskeletal function using either cytochalsin
D or latrunculin A prevented ICAM-1 binding-induced decreases in cardiomyocyte
contractility. Finally, inhibition of the actin cytoskeleton-associated Rho kinase signaling

pathway also prevented ICAM-1 binding induced decrease in contractility.

We found that the decrease in contractility was due to loss of simultaneity of intracellular
Ca?" release. One key coordinating mechanism of Ca’'-induced Ca®* release is
colocalization of dihydropyridine receptors on external or T-tubule sarcolemma with

92

ryanodine receptors on the sarcoplasmic reticulum 2 This geometric arrangement is

instrumental in allowing the relatively small intracellular Ca®* flux introduced via

dihydropyridine receptors to trigger Ca’*-induced Ca’* release by ryanodine receptors.




We postulate that disruption of this coordinating mechanisrﬁ would result in increased
heterogeneity of Ca** ;elease by the sarcoplasmic feticulum. That is, if dihydropyridine
receptors do not cause coordinated induction of Ca**-induced Ca®* release by ryanodine
receptors, then simultaneous contraction throughout the cardiomyocyte would be
impaired. In the absence of normal coupling, a stimulus sufficient to cause local
sarcoplasmic release of Ca?" would then cause further Ca®*-induced Ca>" release by
adjacent sarcoplamic reticulum ryanodine receptors. If true, this would take the form of a
wave of contraction travelling from the initial site along the cardiomyocyte. Indeed, this
is what we observed with ICAM-1 cross-linking (Figure 2.8). Thus, we think that it is
reasonable to postulate that the actin cytoskeletoﬁ plays a key role in maintaining
coordination of cardiomyocyte contractility, possibly by contributing to maintainance of

normal co-localization of dihydropyridine receptors and ryanodine receptors.

Identification of this novel pathway, which may contribute to myocardial dysfunctioh
during intramyocardial inflammation (e.g., following ischemia-reperfusion, in
inflammatory cardiomyopathy, during orthotopic heart transplant rejection, and during
sepsis-induced myocardial dysfunction), is clearly only one of many pathways involved.
Indeed, ICAM-1 binding may be a component of some of these alternative pathways such

as apoptosis '*° and reactive oxygen intermediate production 194,

It is interesting to speculate when and why such a mechanistic pathway may confer an

evolutionary advantage. Is this mechanism of regulation of cardiomyocyte contractility

just pathological loss of normal coordination or is there some benefit? This novel




pathway would be evoked during inflammation and subsequent resolution and repair or
conceivably even during embryogenesis. We speculate that it may be beneficial to down-
regulate contractility for a period of time during these processes. This ICAM-1 and

cytoskeleton-mediated pathway could provide this mechanism.

In summary, we have identified a novel pathway and mechanism of regulation of
cardiomyocyte contractility. While we have demonstrated that this pathway plays a role
in neutrophil-cardiomyocyte interaction, it may play a role in the interaction of the
cardiomyocyte with other inflammatory cells and potentially even with the extracellular
matrix. Thus, this novel mechanism of decreased contractility may have much broader

implications.

In the next chapter I will investigate the role of ICAM-1 in an in vivo model of
endotoxemia to test the importance of ICAM-1 presentation and activation in vivo. I will
also investigate the presence of inflammatory cells in the septic heart to test this
hypothesis that whether inflammatory cell including PMNs can infiltrate and attach to the

cardiomyocyte ICAM-1 receptors using their CD11/CD18 receptors.
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Chapter-3

Cardiac ICAM-1 mediates leukocyte-dependent decreased ventricular
contractility in endotoxemic mice.

3.1 Abstract

Binding of ICAM-1 expressed on isolated cardiomyocytes decreases cardiomyocyte
contractility by altering the intracellular Ca®* transient. To test the hypothesis that
signaling via ICAM-1 contributes to decreased left ventricular contractility in an in vivo
model of sepsis, C57B6 wild-type mice and ICAM-I knock out mice were treated with
intraperitoneal lipopolysaccharide (LPS) then left ventricular contractility was measured
6 hours later using a volume-conductance micromanometer catheter. In C57B6 wild-type
mice LPS injection significantly increased cardiac ICAM-1 expression and decreased left
ventricular contractility (end-systolic elastance, Ees decreased 58 + 4%, p<0.05,
[dP/dtym.]/EDV decreased 60 + 6%, p<0.05). Cyclophosphamide pretreatment to decrease
leukocyte count prevented the LPS-induced decrease in contractility. In ICAM-1 knock
out mice LPS did not decrease any measure of contractility. We produced chimeric mice
lacking ICAM-1 expression in bone marrow-derived cells (M-) and/or lacking ICAM-1
expression in the heart and other tissues (H-). LPS did not decrease left ventricular
contractility in M+/H- mice but decreased contractility in M+/H+ and M-/H+ mice to the
same extent as in C57B6 wild-type mice implicating the importance of cardiac ICAM-1.
We conclude that signaling via cardiac ICAM-1 is necessary to mediate leukocyte-

dependent decreases of left ventricular contractility in endotoxemic mice.

72




3.2 Introduction:

Sepsis is responsible for more than 200,000 deaths annually in North America L
Myocardial dysfunction, caused by the systemic inflammatory response of sepsis,
contributes to multi-organ dysfunction and death in these patients '*>. When the degree
of myocardial dysfunction is substantial, cardiac output cannot be increased sufficiently
to maintain an adequz#e systemic arterial pressure in the face of the decreased systemic
vascular resistance of septic shock. Indeed high versus low cardiac output during septic

shock distinguishes survivors from non-survivors 18 Leukocytes are a component of the

systemic inflammatory response of sepsis and have been implicated in contributing to

65,196 59,60,107,197

myocardial dysfunction in experimental models both in vivo and in vitro

Leukocytes decrease isolated cardiomyocyte contractility in vitro by binding to ICAM-1

59,60,107

expressed on the cardiomyocytes and by release of reactive oxygen intermediates

107,163

from the activated leukocytes In addition, even non-activated leukocytes or

ICAM-1 cross-linking antibodies can decrease contractility by binding ICAM-1

expressed on cardiomyocytes 59,60,

ICAM-1 binding then mediates decreased
cardiomyocyte contractility by signaling via the cortical actin cytoskeleton, which leads
to increased heterogeneity of intracellular Ca®* release and decreased cardiomyocyte

contractility *©. Whether ICAM-1 binding plays an important role in development of

myocardial dysfunction in vivo has not been demonstrated.

Accordingly, we first determined the extent of increased cardiac ICAM-1 expression

using a lipopolysaccharide (LPS) injection model of systemic inflammation in mice.
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Next, we tested the hypothesis that myocardial dysfunction occurs in this model and,
further, we determined whether the degree of myocardial dysfunction is prevented by
decreasing the peripheral blood leukocyte count. We then determined whether ICAM-1
expression is also necessary for the development of myocardial dysfunction in this
model, using ICAM-1 knock-out mice. Finally, to determine if cardiac ICAM-1
expression is necessary for myocardial dysfunction (versus ICAM-1 expressed on bone
marrow-derived cells), we developed chimeric mouse models lacking ICAM-1
expression in bone marrow-derived cells and/or lacking ICAM-1 expression in the heart
.and other tissues. We found that activation of cardiac ICAM-1 plays a key role in
mediaﬁng decreased left ventricular contractility in this whole animal model of systemic

inflammation.
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3.3 Material and Methods

This study was approved by the University of British Columbia Animal Care Committee
and adheres to Canadian and U.S.A. National Institutes of Health guidelines for animal

experimentation.

3.3.1 Experimental preparation: Mice, C57B6 wild-typé and C57B6/J-ICAM ™3
knock-out (ICAM-1 knock out, Jackson Laboratory, Bar Harbor, ME) weighing 25-30 g,
were given intraperitoneal injection of purified lipopolysaccharide (LPS, E. coli strai.n 01
II: B4, Sigma, St. Louis, MO) 40 mg/kg or the same volume of normal saline. Six hours
after LPS injection, mice were anesthetized using ketamine (75 mg/kg) and xylazine (10
mg/kg); total volume 0.2 mL, injected subcutaneously. Angsthesia effectiveness was
confirmed throughout the procedure. Tracheal intubation was performed through a 1 cm
midline neck incision and mice were ventilated (Mouse Ventilator model 687, Harvard
Instruments, Holiston, MA) at 120 breaths/min with a 200 L tid.al volume. A substernal
transverse incision was made to exposé the apical portion of the heart and inferior vena
cava. The left ventricle was punctured using a 27 gauge needle approximately 1 mm
lateral to the interventricular septum. Then a number 2 French volume-conductance
micromanometer catheter (Mikro-tip SPR-838, Millar Instruments Inc., Houston, TX)

was inserted into the left ventricle. Correct placement of the catheter was determined by
checking pressure-volume loops for vertical isovolumic phase traces and characteristic
diastolic and systolic trajectories. Pressure-volume data were recorded at steady state and

the inferior vena cava was occluded for 3-5 seconds while pressure-volume data were
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again recorded. The heart was excised and frozen (isopentane in liquid nitrogen) or fixed

(10% formalin) for further histopathology and morphometry measurements.
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Figure 3.1 Pressure-volume measurements of multiple heart beats during a vena-caval occlusion are
illustrated. A best fit line to the end-systolic points of these beats (red line) is the end-systolic pressure-
volume relationship. The slope of the end-systolic pressure volume relationship is end-systolic elastance,

Ees; a preload and afterload independent measure of left ventricular contractility.




3.3.2 Left ventricular contractility and cardiac function: Left ventricular
contractility and other measures of ventricular function were determined from pressure-
.Volume measurements using Pressure-Volume Analysis software (PVAN 2.9, Millar
Instruments Inc., Houston, TX). Six to ten pressure-volume loops during a vena cava
occlusion were sampled and used to measure end-systolic elastance (Ees), which is the
slope of the end-systolic pressure-volume relationship (Figure 1). Ees is an ejection
phase measure of left ventricular contractility which, among many others, is least
sensitive to changes in preload and afterload 198 anticipated to occur in this model of
sepsis. The volume axis intercept, Vd, was considered zero volume for the steady-state
measurement of end-diastolic volume (EDV) and end-systolic volume (ESV). Pressure-
volume loops measured during steady-state conditions were used to measure the
maximum rate of change of intraventricular pressure during isovolumic systole divided
by EDV, [dP/dty.]/EDV, which is a sensitive isovolumic phase measure of left

ventricular contractility 199,

Steady state pressure-volume loops were also used to
calculate ejection fraction as the difference between EDV and ESV divided by EDV,

which is a further measure of cardiac function. End-systolic pressure during steady state

was used as a measure of systemic arterial pressure afterload.

3.3.3 The role of leukocytes: To determine whether leukocytes contributed to
decreased left ventricular contractility and function in this animal model we increased
leukocyte count by pretreating C57B6 wild-type mice with GCSF and, alternatively, we

decreased leukocyte count by pretreating C57B6 wild-type mice with cyclophosphamide.
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Mice were then injected with LPS and left ventricular contractility and function were

measured as above and compared to C57B6 wild-type mice treated with LPS.

To increase leukocyte count, mice received GCSF (Filgrastim 300 ;;Lg/ml vial, Neupogen)
120 pg/kg subcutaneously twice daily for four days and were then rested for 3 days. This
time course was determined from preliminary experiments where we measured the ratio
of CD11b expression to total actin content as an indicator of bone marrow cell
maturation. Compared to non-treated controls we found a significant decrease in this
ratio immediately after the 4 day GCSF treatment. Following 3 days of rest, the ratio of
CD11b expression to total actin content returned towards normal in the GCSF-treated
mice indicating that 3 days of rest after GCSF injection was necessary to approximate

normal bone marrow cell maturation.

To decrease leukocyte count, mice received cyclophosphamide (Bristol Laboratories,
Montreal, Canada) 150 mg/ké intraperitoneal daily for 2 days and Were then rested for -3
days. This time course was determined from preliminary experiments and the literature
which indicated that the nadir of the peripheral blood leukocyte count occurred 3 days

after the last cyclophosphamide injection 200-202.

To confirm the effect of GCSF and cyclophosphamide, we measured total leukocyte
count and polymorphonuclear leukocyte (neutrophil) count in peripheral blood and in

bone marrow using a Cell-Dyn 3700 counter (Abbott Diagnostic Division, Abbott, IL).
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3.3.4 Chimeric models: We reasoned that any difference in LPS effect found in
ICAM-1 knock-out mice could either be due to loss of cardiac ICAM-1 expression or due
to loss of ICAM-1 expression on blood borne bone marrow-derived cells transiting the
heart. To distinguish between these two possibilities, and théreby specifically implicate
cardiac ICAM-1 expression, we designed three different chimeric mouse models; ICAM-
1 expressed on marrow-derived cells and on heart cells (M+/H+), ICAM-1 expressed on
marrow-derived cells but not on heart cells (M+/H-), and ICAM-1 not expressed on

marrow-derived cells but expressed on heart cells (M-/H+).

We developed these chimeric mice as follows. To increase the number of progenitor
cells in donors, C57B6 wild-type and ICAM-1 knock out mice were first pretreated with
GCSF as described above. Bone marrow from femurs and tibias of 8 to 10 GCSF-treated
mice (donors) was extracted and separated in PBS plus ACD 10% (C3821 Acid Citrate-
Dextrose solution, Sigma), washed 4 times in PBS plus ACD and filtered. After a final
wash in PBS, cells were suspended in normal saline. In this bone marrow concentrate the
total leukocyte count was 12.2 £ 1.2 x 10° /L, the fraction of granulocytes was 94.8 =
0.3%, and the fraction of lymphocytes was 3.5 + 0.1%. To suppress inflammatory cell
progenitors in recipient mice, C57B6 wild-type and ICAM-1 knock out fnice were first

pretreated with cyclophosphamide as described above.

Bone marrow cells concentrate (300 puL) from the donor mice were injected into recipient
mice through a tail vein. Bone marrow from C57B6 wild-type mice injected into C57B6

wild-type recipients gave M+/H+ chimeric mice. Bone marrow from C57B6 wild-type
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mice injected into ICAM-1 knock out recipients gave M+/H- chimeric mice. Bone
marrow from ICAM-1 knock out mice injected into C57B6 wild-type recipients gave M-
/H+ chimeric mice. All groups of chimeric mice were then treated with LPS or saline
and 6 hours later left ventricular contractility and function were measured and hearts

were harvested as described above.

3.3.5 Cardiac ICAM-1 expression: To measure [CAM-1 protein expression, 10 um
thick frozen sections were prepared and fixed using 3% paraformaldehyde for 20 minutes
and then incubated with Universal Blocking Agent (Dako, Carpinteria, CA) for 2-3
hours. Sections were treated with rat-anti mouse ICAM-1 antibody (1/500) (BD
Pharmingen) at 4°C overnight followed by incubation with goat anti-rat fluorescently
labeled antibody (1/ 1000) (Alexa-fluor 594, Molecular Probes, Eugene, OR) and
Hoechst nuclear stain (1/1000) (H3570, Molecular Probes) for 3 to 4 hours at room
temperature. Images were captured at 400 X using a confocal microscope (SP-2, Leica
Corporation, Exton, PA). The ratio of mean intensity of ICAM-1 staining (red) to mean
intensity of nuclear staining (blue) was measured (Fluocytogram, Leica Corporation,

DIMRE2, Exton, PA).

3.3.6 Cardiac leukocyte infiltration: Sections (6 um) were prepared from formalin
fixed hearts and stained with hematoxylin and eosin. Images were captured at 400 X
using a spot camera and measurements were made using Image-Pro Plus software (Media

Cybernetic Inc., Silver Spring, MD). The number of neutrophils within coronary arteries,

the number of neutrophils adherent to the endothelial surface, and the number of




neutrophils within the perivascular space (defined as an area of double the largest radius

of the corresponding coronary artery) were measured.

3.3.7 Statistical analysis: We tested for differences in Ees, [dP/dty.x]/EDV, and ejection
fraction between groups using analysis of variance, 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. Data are expressed as

mean + standard error throughout.
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3.4 Results

3.4.1 Endotoxemic C57B6 wild-type mice: Immunofluorescent staining of frozen
sections from LPS-treated and saline-treated C57B6 wild-type mice demonstrated that
ICAM-1 expression in heart sections significantly increased 6 hours after LPS (Figure 2).
The ratio of the mean intensity of ICAM-1 staining to the mean intensity of nuclear
staining was greater in the LPS-treated mice (4.59 + 0.32) than in control saline-treated
mice (1.96 + 0.16, p<0.001). The intensity of ICAM-1 staining was heterogeneously

distributed within each LPS-treated mouse heart section.

We then determined whether this endotoxemic murine model of sepsis resulted in

decreased left ventricular contractility and function comparable to large animal models

51,203 38,195

and human sepsis . Six hours after LPS injection in C57B6 wild-type mice,
heart rate increased by 72 + 6% (p<0.01) and end-systolic pressure decreased by 12 + 4%
compared to saline-treated controls (Table 1). Left ventricular contractility decreased

after LPS injection as indicated by a 58 + 4% decrease in Ees (p<0.05; Figure 3A) and a

60 + 6% decrease in [dP/dty.x]/EDV. Ejection fraction decreased by 14 + 10% despite

the decrease in end-systolic pressure (Table 1).




Table 3.1 Hemodynamics and ventricular function measures
C57B6 C57B6 C57B6 C57B6 C57B6 C57B6
wild-type | wild-type | GCSF GCSF cY cY IC*;NII.'lKO ICAIIE’II;SI KO
Saline LPS Saline LPS Saline LPS aline
Number 8 8 6 8 6 6 8 8
Hoartrate (bpm) | 28041 | 481218% | 303232 | 450+16% | 18127 | 347229% | 340%17 | 38813+
End Systolic 77+7 68+ 3 R1+6 6247 5846 76+ 5 103 % 15 7847
Pressure (mmHg)
End Diastolic 47409 | 37206 | 53+24 | 27407 | 46407 | 55408 | 37+13 | 32:04
Pressure (mmHg)
End Systolic 64+11 | 145+22% | 75+13 | 13.9£22% | 25755 | 104+31 | 74+1.1 92423
Volume (UL) .
End Diastolic 120+23 | 247+27% | 16627 | 204+27 48 +7 182+58 | 139+10 | 151+2.8
Volume (UL) -
Ejection Fraction 48 £4 41+5 54+5 34+5 46+3 39+£7 48 £ 5 46+ 6

C57B6 GCSF: GCSF pretreated mice.

C57B6 CY: cyclophosphamide pretreated mice.

ICAM-1 KO: ICAM-1 knock out mice.

* p<0.05 compared to controls.
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C57B6 C57B6 + LPS ICAM-1 KO ICAM-1 KO + LPS

Figure 3.2 Representative immunofluorescent staining of myocardial sections from A) C57B6
saline-treated mice, B) C57B6 LPS-treated mice are shown in the top panel. The ratio of ICAM-1 to
nuclear staining is shown for all mice in the above groups in the bottom panel. This ratio is significantly
greater in C57B6 LPS-treated mice compared to saline-treated control mice (p<0.01). This ratio is greatly

decreased in ICAM-1 knock out mice and is not altered by LPS.
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Table 3.2 Peripheral blood cellular components
C57B6 C57B6 C57B6 C57B6 C57B6 C57B6
wild-type | wild-typs | GCSF GCSF cY cY ICASN{;III KO ICAﬁ;é KO

Saline LPS Saline LPS Saline LPS ahine
WBC X 10 /L 36+02 | 05+0.1 | 43+06 | 1.78+03 | 0.1+0.02 0.02+0.01 47408 09+02
Neutrophil X 10%L | 0.4£0.04 | 0401 | 0.7+0.3 17403 | 004001 | 00040001 | 13 £03 0.7+0.1
Lymphocyte X 10%L | 29402 | 012006 | 33+04 | 0.1£0.03 | 0.05+001 | 0.007+0.002 | 3.1£06 03+0.1
Red bloodcell X 10'2L | 8.6+01 | 94+02 | 84+032 | 85+052 | 7.42+0.16 | 7.51+0.11 85402 95+0.1
Platelet X 10 /L 913421 | 513+90 | 354+23 8545 771429 306 + 43 735 + 48 304 + 37

C57B6 GCSF: GCSF pretreated mice.

C57B6 CY: cyclophosphamide pretreated mice.

CAM-1 KO: ICAM-1 knock out mice.




3.4.2 Effect of increased and decreased leukocyte count: To test the hypothesis that
leukocytes contribute to the early (6 hours) decrease in left ventricular contractility in
vivo in this intact whole animal model of sepsis, we increased leukocyte counts using
GCSF injection or decreased leukocyte counts using cyclophosphamide injection.

The GCSF injection increased total peripheral leukocyte count by 31 = 10% and
increased peripheral neutrophil count by 20% over untreated control C57B6 wild-type
mice (Table 2). The GCSF increased bone marrow leukocyte count 3.5 fold and
increased bone marrow neutrophil count 4 fold. In GCSF-treated mice LPS injection
resulted in an 59 = 15% reduction in Ees (p<0.05), a 21 + 19% decrease in
[dP/dtmax)J/JEDV, and an 36 + 9% decrease in ejection fraction compared to controls

(p<0.05; Table 1).

Cyclophosphamide treatment decreased the total leukocyte count by 97 + 1% to 0.08 +
0.01 x 10%/L, and decreased the fraction of neutrophils to 34.7 = 0.9% (Table 2).
Cyclophosphamide pretreatment abolished the effect of LPS, which did not decrease Ees, -

[dP/dtyaJ/EDV, or ejection fraction (Table 1) in these mice.

3.4.3 Endotoxemic ICAM-1 knock out mice: The ratio of ICAM-1 to nuclear
immunofluorescent staining was greatly decreased in ICAM-1 knock out mice (0.15 =
0.09) compared to C57B6 wild-type mice (1.96 + 0.16, p<0.05) and did not increase with
LPS injection (0.18 £ 0.13) (Figﬁre 2). In confrast to C57B6 wild-type mice, left

ventricular contractility and function in ICAM-1 knock out mice, as measured by Ees

(16.1 £ 3.6), [dP/dty.xJEDV (518 + 146), and ejection fraction (46 £ 6%), was not




decreased (p=NS; Table 1 and Figure 3B). Similarly, six hours after LPS injection heart
rate changed less in ICAM-1 knock out mice (increased 14%) compared to C57B6 wild-
type mice (increased 72%) while end-systolic pressure decreased to the same extent in

ICAM-1 knock out mice (by 24%) compared to C57B6 wild-type mice (by 23%).

3.4.4 Endotoxemic chimeric mice: LPS injection decreased left ventricular
contractility of M+/H+ and M-/H+ chimeric mice. Specifically, Ees decreased by 43 +
7% (p<0.05) in M+/H+ chimeric mice and Ees decreased by 56 + 13% (p<0.05) six hours
after LPS injection in M-)H+ chimeric mice. These changes in left ventricular
contractility in M+/H+ and M-/H+ mice were not different from the effect of LPS
injection in C57B6 wild-type mice (Table 1 and Figure 3). In contrast, LPS injection did
not decrease left ventricular contractility of M+/H- chimeric mice. Indeed, in M+/H-
chimeric mice LPS injection resulted in increases in contractility as measured by Ees (24
+ 3.7 in LPS group vs 13 £ 2.2 in controls), [dP/dtma/EDV (1012 + 178 in LPS group vs
500 + 90 in controls) and ejection fraction (54 + 8% in LPS group vs 45 £ 4% in controls,
p=NS, Table 3). Taken together, the lack of LPS-induced myocardial dysfunction in H-
mice compared to the significant LPS-induced myocardial dysfunction in both M+ or M-
/ H+ mice indicate that cardiac ICAM-1 expression is an important factor leading to

decreased left ventricular contractility following LPS injection.

Injection of the bone marrow concentrate into the chimeric recipient mice significantly
increased the peripheral blood total leukocyte count compared to non-injected

cyclophosphamide-treated mice, confirming successful bone marrow transplantation. In
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M-+/H- mice the peripheral blood total leukocyte count was 1.2 + 0.04 x 10°/L, the
fraction of neutrophils was 29.8 + 3.7%, and the fraction of lymphocytes was 23.3 =
3.6%. In M+/H+ mice the peripheral blood total leukocyte count was 1.2 + 0.05 x 10°/L,
the fraction of neutrophils was 46.8 = 5.6%, and the fraction of lymphocytes was 18.9 +

5.3%.
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Table 3.3 Hemodynamics and ventricular function measures in chimeric mice

Chimera Chimera M*/H" Chimera M7H" Chimera M*/H"
Saline LPS LPS LPS
Number 5 4 6 6

Heart rate (bpm) 200+ 17 414 £ 12 * 384 £27 * 382+ 18 *

End Systolic 80 + 4 61 =82 52465 73410
Pressure (mmHg) A

End Diastolic 45408 52407 49406 25409
Pressure (mmHg)

End Systolic 6408 155£2.9 42£1.0* 2+0.4

Volume (uL)

End Diastolic

S5+0. £ 8 * 2+£1.5* A+06*

Volume (uL) 11.5+0.8 33+8 62=+1.5 4.1+0.6

Ejection fraction 45+ 4 20+ 8 * 49+ 8 54+8

M*: ICAM-1 competent bone marrow cells
M ICAM-1 knock out bone marrow cells
H": ICAM-1 competent heart

H™: ICAM-1 knock out heart

* p<0.05 compared to slaine treated chimera.
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Figure 3 Stylized pressure volume loops drawn using average end-systolic elastance (Ees), end-

diastolic volume (EDV), end-diastolic pressure (EDP) and end-systolic pressure (ESP) as reported in Table
1. End-systolic volume (ESV) derived from these plots corresponds closely (but not exactly due to
averaging) to the measured ESV values reported in Table 1. A) In C57B6 wild-type mice, LPS results in a
significant decrease in left ventricular contractility as measured by Ees. This is accompanied by an increase
in ESV and EDV. B) In ICAM-1 knock out mice, LPS does not result in a decrease in left ventricular

contractility measured by Ees.
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Table 3.4 Peripheral blood cellular components in chimeric mice
ChimeraM"/H' | ChimeraM'/H" Chimera M"/H Chimera M'/H’ Chimera M/H"
Saline LPS Saline LPS LPS

WBC X 10°/L 1.2£0.1 0.05+0.01* 1.2+0.04 0.06 £0.01 * 0.05+0.01*

Neutrophil X 10 /L 0.6+0.1 0.04+£0.01 * 04+£0.1 0.04+ 0.001 * 0.03+0.01 *
Lymphocyte X 10 /L 0.2 £0.07 0.01 £ 0.003 * 03+0.1 0.01 +0.006 * 0.01 +£0.001 *

Red blood cell X 10 /L 7.0+£02 74+0.2 74+£0.2 83+£0.5 7.9+04
Platelet X 10°/L 405 + 18 109 £9 * 466 £ 79 157+64* 131+ 16 *

M*: ICAM-1 competent bone marrow cells

M. ICAM-1 knock out bone marrow cells

H': ICAM-1 competent heart

H': ICAM-1 knock out heart

* p<0.05 compared to all saline treated groups.

92



3.4.5 Morphometery of coronary vascular space: The LPS injection in C57B6 Wild-
type mice increased coronary intravascular neutrophil concentration from 2.5+ 1.9 x 10~
3/um? in control to 137 22 x 10 “/um? in septic mice. LPS injection also increases the
ratio of adherent neutrophil to endothelial surface frorﬁ 3.2 £2.3 x 10 “/um? in control to
99 + 18 x 10 ~/pm’ in endotemic mice (p< 0.05). However LPS injection did not

increase extracellular neutrophil infiltration into the cardiac tissue (Figure 4).

93




0.0018

*
0.0016 - B (ntravscular Neutrophils
[ 1 Adherent Neutrophils
0.0014 - BN Extravascular Neutrophils

0.0012 -

0.0010 -

0.0008 -

0.0006 -

0.0004 -

Number of Neutrophil / area (um?)

0.0002 -

C57B6 C57B6 + LPS  ICAM-1 KO ICAM-1 KO + LPS

Figure 4 Formalin fixed heart sections were stained with DAB and Hematoxyline & Eosin to
measure the ratio of the number of inflammatory cells per surface area of intravascular and perivascular
spaces. LPS injection significantly increased this ratio in the intravscular space (*p<0.01 compared to
saline treated C57B6). The number of adherent inflammatory cells on endothelial surface is also
significantly increased in LPS-treated mice (*p<0.01 compared to saline treated ICAM-1 KO). However

this ratio is not significantly different in the perivascular space in LPS-treated mice.
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3.5 Discussion

LPS injection reduced left ventricular contractility in this whole animal model of
systemic inflammation, similar to previous measurements in a variety of animal models
of sepsis, and similar to the decrease in left ventricular function observed during human
septic shock. Decreasing leukocyte count using cyclophosphamide abrogated the effect
of LPS, confirming previous reports that leukocytes contribute to the development of
decreased left ventricular contractility in sepsis. ICAM-1 knock out mice were resiétant
to the effect of LPS on left ventricular contractility indicating that ICAM-1 plays an
important causal role in mediating the effect of LPS. Chimeric mouse constructs further
implicate cardiac ICAM-1 expression, versus ICAM-1 expressed on bone marrow-
derived cells transiting the heart. Thus, signaling via cardiac ICAM-1 is necessary for the
development of leukocyte-dependent decreases of left ventricular contractility in this
whole animal model of systemic inflammation.

Many mechanisms contribute to myocardial depression during sepsis *,

In sepsis,
release of pathogenic toxins such as LPS from gram negative bacteria, glycolipid from
gram positive bacteria, or mannan from fungal wall initiate a systemic inflammatory
response. Pro-inflammatory cytokines trigger increased NO production 184 by NOS 1II
within minutes, and greatly increased NO production by NOS II within hours 24 NO is

71,204,205

an important mediator of myocardial dysfunction in sepsis Reactive oxygen

intermediates contribute directly and via formation of peroxynitrite radicals, to

163,205

myocardial damage and dysfunction Coronary capillary endothelial activation,

damage and dysfunction also contribute, in part by impaired regulation of coronary

95



microvascular blood flow, which impairs myocardial oxygen extraction °'

. Leukocytes
also contribute. Leukocytes are slowed and retained within the coronary vascﬁlature after
endotoxin infusion 2, predominantly within coronary capillaries. Leukocyte retention is
associated with myocardial morphometric damage and decreased ventricular contractility
1% In an ex vivo preparation, filtering leukocytes from coronary blood perfusing the
heart prevented the decrease in contractility within the first 6 hours of endotoxin infusion
197 Activated neutrophils appear to bé a particularly important leukocyte subset involved

in early myocardial depression 6

Our current results support these previous
observations by demonstrating that the LPS-induced decrease in left ventricular
contractility is leukocyte dependent — being abrogated by a decreased peripheral blood

leukocyte count.

Part of the leukocyte effect may be due to binding of leukocytes to cardiac ICAM-1. Pro-
inflammatory cytokines, including IL-6 generated by the myocardium following
ischemia-reperfusion, result in CD18 - ICAM-1 dependent adhesion of PMN to

171

cardiomyocytes Adhesion of highly (unphysiologically) activated PMN to

cardiomyocytes results in cardiomyocyte cell death in vitro, possibly due to reactive

. . 1 1
oxygen intermediates 59,107,163,164

Co-culture of macrophages or neutrophils with
cardiomyocytes resulted in ICAM-1 dependent adhesion and decreased cardiomyocyte
fractional shortening *>*°. Adhesion alone was a fundamentally important aspect of this

interaction because the same effect was reproduced by co-culture with killed and fixed

neutrophils or simply by ICAM-1 cross linking antibodies 5,
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ICAM-1 is a 76 — 110 kDa glycoprdtein from the immunoglobulin gene family 2°6%%".

ICAM-1 expression by a variety of different cell types, including on cardiomyocytes,

increases during inflammation 59.60,107

Activated coronary endothelial cells in cell
culture increase ICAM-1 expression in 2.to 4 hours and maximum ICAM-1 expression is
reached in 6 to 8 hours. High levels of ICAM-1 expression are maintained as long as the
inflammatory response is active 109, Activation of ICAM-I stimuiates‘ further production
and expression of vascular cellular adhesion molecule-1 (VCAM-1) and ICAM-1 208,
Activation of isolated cardiomyocytes increases ICAM-1 mRNA production within 1 to 4
hours * and expression of ICAM-1 protein within 4-6 hours *. Maximum production of
ICAM-1 occurs 18 to 24 hours aﬁef cytokine stimulation '”’. Ligands for ICAM-1
210

include CD11/CD18 receptors 206208209 " fibrinogen '*°, rhinovirus receptors and

plasmodium falciparum '

Our current findings extend these in vitro observations and demonstrate that binding of
ICAM-1 expressed on cardiomyocytes reduced left ventricular contractility in a whole
animal model of systemic inflammation. Using isolated rat car&iomyocytes we have
shown that activation ovf ICAM-1 using cross-linking antibodies can initiate intracellular
signals which cause discoordinate calcium influx leading to reduction in cardimyocyte
contractility % This effect of ICAM-1 cross-linking mediated via the cytoskeleton 5,
The presence of cardiac contractile dysfunction after LPS injection in M+/H+, and M-
/H+ chimera miée, and absence in M+/H- chimera mice demonstrates the importance of
ICAM-1 expression within cardiac tissue. Lack of [CAM-1 on bone marrow-derived |

inflammatory cells did not prevent the effect of LPS on cardiac contractility.
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Several potential ligands may be involved in ICAM-l binding and activation in this
whole animal model of systemic inflammation, which results in decreased left ventricular
contractility. Since we '"’and others '*° have demonstrated that the LPS-induced
decrease in left ventricular contractility is, in part, leukocyte dependent, it is reasonable to
postulate that CD11/CD18, or other leukocyte expressed ICAM-1 ligands, bind and
activate ICAM-1 expressed on cardiomyocytes in vivo. However, we did not find many
neutrophils or other leukocytes within the cardiac parenchyma in this and other models of

sepsis 6,

It is conceivable that leukocytes enter cardiac parenchyma but undergo
apoptosis or other forms of cell death quickly and leave CD11/CD18 to bind to ICAM-l
expressed on cardiomyocytes. However, this has not been demonstrated. We propose an
alternative mechanistic pathway to account for the observation of leukocyte-dependent
decreases in left ventricular contractility mediated by cardiomyocyte expressed ICAM-1
binding and activation. Current and previous observations demonstrate that leukocytes
are retained within coronary capillaries in systemic inflammatory states %°. These
leukocytes damage the capillary endothelium ® leading to interstitial edema. We
postulate that the interstitial edema fluid components that are ICAM-1 ligands, including

fibrinogen, could then lead to decreased ventricular contractility via the ICAM-1 binding.

This postulated pathway is consistent with the observations of Neviere and his colleagues

196

In summary, we found that LPS injection in mice resulted in a substantial decrease in left
ventricular contractility. This decrease was leukocyte dependent and also dependent on

cardiac ICAM-1 expression. However, we did not observe a large number of leukocytes
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within the cardiac parenchyma at the time of substantially decreased left ventricular

contractility. Therefore, we postulate that this leukocyte-dependent decrease in left

ventricular contractility involves at least two steps in series — a leukocyte dependent step _'

and an ICAM-1 dependent step. Leukocyte retention leading to endothelial damage and
leakage of ICAM-1 ligands, such as fibrinogen, into‘ the cardiac interstitium is one

explanation compatible with our findings. We conclude that signaling via cardiac ICAM- |
1 expression is necessary to mediate leukocyte-dependent decreases of left ventricular

contractility in endotoxemic mice.
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Chapter-4

The role of fibrinogen and ICAM-1 interaction in decreased cardiac
contractility '

4.1 Abstracts

.F_ibrinogen is involved in coagulation and inflammatory resbonses. Interaction of ICAM-
1 and fibrinogen promotes platelet and leukocyte adhesion onto endothelial cells.
Cardiomyocyte ICAM-1 activatiQn decreases cardiomyocyte contréctility through an
increase in heterogeneity of Ca’* release. We hypothesiz‘e‘that during sepsis ﬁbrinogen‘
can infiltrate into the myocardial interstitial space and decrease cardiomyocyte

contractility through the activation of ICAM-1.

To‘investigate whether fibrinogen can infiltrate into the myocardial interstitial space and
affect ICAM-1 on cardiomyocyte membranes, C57B6 mice were injected with LPS (40
mg/kg) or normal saline. Six hours later hearts were excised and stained with horse radish
peroxidase conjugated anfi-mouse fibrinogen antibody or reperfused with fibrinogen-
labeled Alexa-488 for 10 minutes using an ex-vivo model and Langendorff system. To |
test whetherf the fibrinogen binding to ICAM-1 decreases cardiomyocyte conﬁactility,
isolated rat cardibmyocytes were co-cultured with soluble fibrinogen or fibrinogen coated
beads for 3 to 4 hours. Cardiomyocyte fractional shortening was measured in the

presence or absence of anti-ICAM-1 antibody.

Confocal microscopy of heart sections showed infiltration of the fibrinogen labeled

Alexa-488 into myocardial interstitial tissue in septic mice. Immunohistochemistry of
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heart sections indicated lack of ﬁbﬁnoéen inﬁltratidn into the. myocardial tissue of septic
- ICAM-1 knock out mice. Incubation of activated cardiomyocytes with soluble ﬁbrinogén
decreased cardiomyocyte fractional shorténing from 17.2 £ 0.8% to 144 £ 0.5%.
Incubation of cardiomyocyte with ﬁbrinogén coated beads decreased cardiomyocyte
contractility 16.8 + 1.0% to 10.7 + 1.0%. This effect of fibrinogen was abolished in the
presence of anti ICAM-1 antibody (17.7 £ 0.6%) indicating an interaction of fibrinogen

and ICAM-1.

We conclude that fibrinogen infiltrates into the myocardial interstitial space during sepsis
and decreases cardiac contractility through adhesion to the ICAM-1 receptor on the

cardiomyocyte membrane.
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4.2 Introduction

Fibrinogen, 340 kDa protein, is involved in coagulation and inflammatory responses.
Fibrinogen adhesion to ICAM-1 increases tyrosine phosphorylation. Interaction of

147 and leukocyte adhesion 2'? onto endothelial

ICAM-1 and fibrinogen promotes platelet
cells. Cardiomyocyte ICAM-1 activation decreases cardiomyocyte contractility through
an increase in hetérogeneity of Ca®" release ®. We hypothesize that during sepsis

fibrinoger can infiltrate into the myocardial interstitial space and decrease éardiomyocyte

contractility through the activation of ICAM-1.

Fibrinogen contains o,  and 7y chains. It is involved in the pathogenesis of various types
of diseases, including ischemia, trauma and neoplasm. Increased plasma fibrinogen level
is aésociated with a higher risk of cardiovascular diseéses, increased risk of myocardial
infarction, stroke, peripheral arterial disease, atrial fibrillation, heart failure and post
angioplasty restenosis 22, Fibrinogen increases vascular permeability by detachment
of endothelial cells from the basement membrane '*. It has been shown that fibrinogen
can enhance adhesion of inflammatory cells and facilitates platelet adhesion to the
endothelial surface during arteriosclerosis thereby accelerating atherosclerotic plaque
formation 2. Adhesion of fibrinogen on CD11 receptors of PMN reduced caspase
activation and apoptosis of PMN 216 Qaito and his colleagues have shown the
extravasation of fibrinogen in rat plural cavity after histamine injection. This effect of
fibrinogen is associated with increased PMN infiltration into the plural cavity suggesting
the close relation between PMN infiltration and fibrinogen exudation 27 Fibrinogen can

increase the expression of ICAM-1 through activation of NFkB on human synovial
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fibroblasts '*. Languino et al. demonstrated that fibrinogen functions as an intermediate

protein for adhesion of monocytes to the endothelial cells '*°.

Fibrinogen contains two peripheral, one central and three global domains. A specific site
of the ¥ chain of the fibrinogen molecule, between amino acid 117-133, is responsible for

adhesion to amino acid 8-22 of the first extracellular domain of ICAM-1.

Our previous findings have indicated that PMN adhesion can decrease éardiomyocyte
contractility and that this effect of PMN occurs through interaction of the ICAM-1
receptor on cardiomyocyte membrane and CD11/CD18 receptors on inflammatory cells.
We subsequently found that activation of ICAM-1 on cardiomyocytes using cross-linking
methods decreased cardiomyocyte contractility (refer to chapter 2). We also found that’
cardiac contractility of ICAM-1 knock-out mice was preserved after LPS treatment. This
was resistant to the effect of LPS because of the absence of ICAM-i receptors on cardiac
tissue (refer to chapter 3). However we did not observe infiltration of PMNs into the
~ cardiac interstitial space after LPS injection, suggesting that, PMNs are not directly

involved in [CAM-1 activation in vivo. .

We tested whether fibrinogen can infiltrate into the myocardium after LPS injection and

if fibrinogen can induce decreased cardiomyocyte contractility.




4.3 Materials and Methods

4.3.1 Induction of sepsis: C57B6 wild-type and ICAM-1 knock out mice (25-30 g,
Jackson Laboratory, Bar Harbor, ME) were injected with purified Escherichia Coli
lipopolysaccharide (LPS, 40mg/kg, strain 01 II: B4) or normal saline via intraperitoneal
injection. Six hours after LPS injection, mice were anesthetized using Isoflurane 3%.
Anesthesia was tested by toe-pinch to ensure absence of withdrawal to pain throughout
the procedure. The heart was excised, frozen or fixed (10% Formalin) for ﬁlrther

immuno-fluorescent or immuno-histochemistry studies.

4.3.2 Immuno-histochemistry and Immuno-fluorescent study: Formalin fixed hearts
were embedded and 6 um sections were prepared. After de-parafinization, sections wereA
treated with rabbit anti-mouse fibrinogen (Inovation Research Southfield, MI) overnight
follow by HRP-conjugated anti- rabbit antibody (BD i’harmingen, San Jose, CA) for 2
hours. The slides were then treated with DAB for 30 minutes follow by hematoxylin

staining. Images (X400) were captured using spot camera.

4.3.3 Reperfusion of Alexa-488 labeled fibrinogen into the LPS or saline treated
| mice: In the preliminary experiments using a mixed in-vivo and ex-vivo method, animals(
were treated with LPS or saline for 6 hours. Hears were excised and cannulated using a
20 G needle and reperfused using a Langendorff apparatus as described ih chapter-5
section-3. To test whether fibrinogen can infiltrate into the cardiac interstitial space,
cannulated hearts were reperfused with fibrinogen labeled Alexa-488 (Molecular probe)

for 15 minutes while monitoring pulse pressure. The hearts were frozen with Isopentane
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in liquid nitrogen. Sections (6 um) from frozen hearts were prepared and stained with
anti-von Willebrand factor (BD Pharmingen) overnight at 4 °C to illustrate coronary
endothelial surface. Anti nuclear staining (Hoechst) was used to visualize nuclei.
Sequential images were captured using confocal microscopy (LEICA DIMRE?2, Exton,

PA).

4.3.4 Incubation of soluble fibrinogen with isolated rat cardiomyocytes: Male
Sprague-Dawley rat cardiomyocytes were isolated and cultured in 96 well plétes as
previously described »in chapter-2, section-3. To increase ICAM-1 presentation on
cardiomyocyte membrane, cultured cardiomyocytes were activated with TNFo (20
ng/ml) for 3 to 4 hoﬁrs. 25000 fibrinogen coated, BSA coated and plain non-coated beads
were incubated with 5000 cardiomyocytes in each well (100 pL) for 4 hours. In a
separate set of experiments, cardimyocytes were also co-cultured with different
concentrations of soluble fibrinogen. Cardiomyocyte fractional shortening was measured

as previously described in chapter-2, section-3.

4.3.5 Coating of Fibrinogen to Polystyrene Beads: Polystyrene Beads (Bangs
Laboratories; 8 um in diameters) were washed twice (5 minutes per wash) with acetate
buffer (pH 5.4) and mixed with rat fibrinogen (Enzyme Research Laboratories) (300000
beads/ug fibrinogen, 2% solid in buffer) in a 500 pL. eppendorf tube. The mixture was '
gently stirred for 2 hours at room temperature to promote fibrinogen adhesion to the plain

beads through hydrophobic interactions. The beads were then washed three times with

t
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fresh acetate buffer. The fibrinogen coated beads were re-suspended by passing them

through a syringe with a 27.5G needle and co-cultured with cardiomyocytes.

4.3.6 Blocking of Cardiomyocyte ICAM-1: After TNF-a activation, the
cardiomyocytes were incubated with an anti ICAM-1 blocking antibody (BD
Biosciences) or control non-specific mouse IgG (DAKO) for 2 hours. They were co-

cultured with fibrinogen coated beads as described previously.
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4.4 Results

4.4.1 Fibrinogen infiltration into the interstitial space (in-vivo):
Immunohistochemistry (IHC) was used to assess whether plasma fibrinogen infiltrates
into the myocardium during endotoxemia. Fibrinogen staining was observed on cardiac
sections of LPS treated animals indicating the presence of fibrinogen in the coronary
vascular, perivascular and cardiac interstitial space. Fibrinogen staining in control
sections was limited to the endothelial and endocardial surface (Figure 4-1). In LPS
treated hearts, deposition of fibrinogen was observed in the myocardium immediately
surrounding the vascular space, whereas in saline treated hearts, fibrinogen was located at

the edge of the blood vessels and coronary endothelial surface (Figure 4-1).

IHC staining did not show infiltration of fibrinogen in the cardiac interstitial space of
ICAM-1 KO mice confirming the above observation. However coronary endothelial cells
of ICAM-1 KO mice were stained with fibrinogen antibody (Figure 4-2) indicating the _

presence of fibrinogen in the serum of ICAM-1 KO mice.
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Figure 4.1 Immunohistochemistry of heart sections illustrate the presence of fibrinogen in the

myocardial interstitial and perivascular spaces of LPS treated C57. In saline treated mice fibrinogen

staining is limited to the vascular space.
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Figure 4.2 IHC of the heart sections of ICAM-1 knock out mice indicate the presence of fibrinogen

staining in the vascular space of LPS or saline treated animals. Fibrinogen staining was not observed in the
myocardial perivascular and interstitial spaces of ICAM-1 knock out mice indicating the protective effect
observed in ICAM-1 knock out mice against infiltration of fibrinogen into the myocardial perivascular or

interstitial spaces.
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Confocal images of LPS or saline treated hearts (reperfused with Alexa-488 labeled
fibrinogen ex-vivo) illustrate the presence of Alexa-488 in the coronary perivascular
spaces of LPS treated mice (Figure 4.3A). This shows the presence of a leaky endothelial
surface and the feasibility of infiltration of labeled fibrinogen into the cardiac interstitial
space of LPS treated mice. In saline treated mice the presence of Alexa-488 is limited to
the coronary vascular space (Figure 4.3A). The ratios of fibrinogen to nuclear staining
(Fib/Nuc) and of fibrinogen to vonWillebrand factor (Fib/vWf{) are higher in LPS treated
hearts indicating wide distribution of fluorescent fibrinogen in the cardiac tissue (Figure

4.3B, p<0.05).
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Figure 4.3A [llustrates the retrograde reperfusion of fluorescent fibrinogen (green) into the coronary
arteries of LPS or saline treated mice using an ex-vivo model of reperfusion. Vascular spaces were stained
with anti-vonWillebrand factor antibody (red). Confocal images indicate the presence of Alexa-488
fibrinogen in the vascular space of saline treated mice. In the LPS treated mice fibrinogen infiltrates into

the myocardial perivascular and interstitial spaces.
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Figure 4.3B C57B6 mice were treated with saline or LPS. Six hours later the heart was excised and
reperfused with fluorescent fibrinogen for 15 minutes using a Langendorff apparatus. The hearts were
frozen and stained with anti-nuclear and vonWillebrand factor antibodies. The ratio of fluorescent
fibrinogen (green) to the nuclear staining (blue) or vonWillebrand factor (red) were compared between

saline or LPS treated groups (*p<0.01 and # p<0.05).
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4.4.2 Fibrinogen effect on Acavrdiomyocyte contractility (in-vitro): Four hour
incubation of different concentrations of soluble fibrinogen (0.025, 0.05, 0.1 and 0.2
mg/mL) with activated cardiomyocytes, decreases cardiomyocyte contractility in a dose-
response dependant manner (Figure 4.4). The maximum effect of fibrinogen was
achieved with a 0.2 mg/mL concentration’ of ﬁbrinogen (-26.5+7.9%, p<0.004 vs.

control).

To demonstrate that the decrease in cardiomyocyte contractility is due to the effect of
ﬁbrinogenz polystyrene beads were coated with fibrinogen and co-cultured with activated
cardiomyocytes (Figure 4.5). Confocal microscopy confirmed the deposition of
fluorescent labeled fibrinogen onto the beads, indicating the Sucqessful adhesion of

fibrinogen to the beads (Figure 4.6).
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Figure 4.4 Co-incubation of soluble fibrinogen with activated cardiomyocytes decreased fractional
shortening of cardiomyocytes in a dose dependant response manner (EC50 = 0.468, Hill slope = -1.0, Min

= 0.0, and Max = 4.56, p<0.001).
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Figure 4.5 Adhesion of Fibrinogen Coated Beads. Fibrinogen coated beads remained adherent to

cardiomyocytes during diastole (A) and systole (B).

Figure 4.6 Polystyrene beads were coated with Oregon Green labeled fibrinogen and viewed under

the fluorescence microscope (A) and confocal microscope (B and C).




Attachment of fibrinogen coated beads to the activated cardiomyocytes decreased
cardiomyocyte fraction shortening by 32.0 = 3.8% (10.7 = 1.0) compared to control (
16.9 + 0.8, p<0.001). Plain beads and BSA coated beads (negative control) did not
decrease the fractional shortening of activated cardiomyocytes (16.8 + 1.0 énd 175+ 0.8
p=NS, Figure 4.7). The adhesion of fibrinogen coated beads to cardiomyocytes also
induced a dose dependent decrease in cardiomyocyte fractional shortening, confirming

the similar effect of soluble fibrinogen on fractional shortening (Figure 4.7).

4.4.3 Fibrinogen induces decreased cardiomocyte contractility through ICAM-1

ICAM-1 antibody decreases the ﬁumber of adherent fibrinogen coated beads on the
cardiomyocyte membrane. Incubation of activated cardiomyocytes with anti-ICAM-1
abrogates the effect of fibrinogen on cardiomyocyte contractility, indicating tﬁat the
effect of fibrinogen is mediated by the ICAM-1 signaling cascade. Incubation of
activated cardiomyocytes with non-specific IgG did not prevent adhesion of fibrinogen
coated beads or the effect of fibrinogen on cardiomyocyte contractility, confirming the

interaction between fibrinogen and ICAM-1 in co-culture experiments, and fibrinogen

ICAM-1 mediated decreased contractility (Figure 4.7).
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Figure 4.7 The effect of fibrinogen coated beads on cardiomyocyte fractional shortening.

Fibrinogen coated beads decrease cardiomyocyte fractional short_ening in a dose dependent manner.
Incubation of co-culture with anti-ICAM-1 antibody inhibits the above effect of fibrinogen coated beads on
cardiomyocyte fractional shortening, indicating the essential interaction of ICAM-1 and fibrinogen for a
decrease in fractional shortening. Nonspecific IgG did not prevent the effect of fibrinogen on

cardiomyocyte fractional shortening.
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4.5 Discussion

Myocardial dysfunction is one of the major causes of death in septic patients. Cardiac
inflammation is associated with increased ICAM-1 expression on the endothelial cells
and cardiomyocytes 59.60218 J[CAM-1 is a 114 kDa protein adhesion molecule, activated
by binding to various types of ligands including CD11/CD18 receptors of inflammatory

134136 ylasmodium falciparumlz’2 and rhinoviruses. We have shown

cells '*2, fibrinogen
that ICAM-1 activation on cardiomyocytes initiates a signaling cascade and alters
calcium propagation during cardiomyocyte excitation contraction which results in
decreased cardiomyocyte contractility 80 Although the number of cardiac intravascular
inflammatory cells is significantly higher in septic animals than control we did not
observe infiltration of inflammatory cells into the cardiac interstitial space thereby we
concluded that cardiac ICAM-1 can not be activated through binding of CD11/CD18
receptors on inflammatory cells during sepsis. Fibrinogen is a 340 kDa protein involved
in coagulation and inflammation. It has been shown that fibrinogen can attach to ICAM-1
and phosphorylates various intracellular tyrosine residues 212219 e found that
incubation of cardiomyocytes with both soluble fibrinogen and fibrinogen coated beads
can decrease fractional shortening. This effect of fibrinogen occurs through the adhesion
of fibrinogen to cardiomyocyte membranous ICAM-1. We also found that cardiac
sections of LPS treated mice (in-vivo studies) were stained with anti-fibrinogen antibody
indicating the availability of fibrinogen in the interstitial space of cardiac tissue for
activation of cardiomyocyte ICAM-1. This finding is confirmed by the ex-vivo infusion

of fibrinogen labeled Alexa-488 showing infiltration into the cardiac section of LPS

treated mice.
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The 7y chain of fibrinogen binds to domain-1 of ICAM-1 through its 117-133 amino acid
sequence '>*'*, Fibrinogen increases endothelial leakiness and enhances angiogenesis on
endothelial cells '*''*. We have reconfirmed the leakiness of the endothelial surface of
coronary arteries using fibrinogen labeled Alexa-488 in the ex vivo retrogradé
reperfusion and immunohistochemistry of in-vivo LPS injection models. Upregulation
of ICAM-1 in cardiovascular diseases is also accompanied by high expression of
fibrinogen '**'*. Fibrinogen and ICAM-1 interaction promotes platelet and leukocyte
adhesion to endothelial cells '*’. This effect of fibrinogen was inhibited using ICAM-1
knock out mice and a model of ischemia reperfusion injury '*. Hicks et al. have shown
that fibrinogen deposition on endothelial cells induced vasodilation, however when they
increased fibrinogen concentration this effect was converted to vasoconstriction 19,
Fibrinogen deposition also upregulated ICAM-1 expression through activation of NF«[3

and IL-8 production *¢'%°, |

Regardless of the main cause of myocardial depression during sepsis, we postulated that
during sepsis LPS and cytokine release upregulates the expression of ICAM-1 on
coronary endothelial cells and cardiomyocytes. Acute phase response during sepsis also
increases the level of intravascular fibrinogen, enhancing inflammation and the
coagulation cascade. Fibrinogen increases the adhesion of inflammatory cells on
coronary endothelial cells which is followed by adhesion of inflammatory cells to
endothelial ICAM-1 and VCAM-1. In turn inflammatory cells, including PMNs, release
cytotoxic materials onto the coronary endothelial cells which results in the loosening of

endothelia cell tight junctions and increased leakiness. This is followed by infiltration of

119




soluble fibrinogen into the cardiac tissue increasing probability of interaction of ICAM-1
and fibrinogen in 'the cardiac tissue leading to activation of ICAM-1 and the initiation of
infracellular signaling. Activation of ICAM-1 increases the heterogeneity of intracellular
Ca’" release which reduces cardiomyocyte contractility. Whether fibrinogen can attach to
other inflammatory adhesion molecules such as VCAM-1 remains to be determined.
Whether other postulated ICAM-1 ligands such as soluble of CD11/CD18 can infiltrate

into the cardiac tissue through the leaky endothelium should also be determined.
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Chapter-5

2 o . o o o o o
IGF-1 protection of ischemic murine myocardium from ischemia-
reperfusion associated injury

5.1 Abstract

Introduction: Ischemia-reperfusion injury occurs in myocardial infarction, cardiac
dysfunction during sepsis, cardiac transplantation and coronary artery bypass grafting and
results in injury to the myocardium. Although reperfusion injury is related to the nature
of ischemia, it is a separate entity that may jeopardize viable cells and ultimately may
impair cardiac performance one ischemia is resolved and the organ heals.

Method: The present study was conducted in an ex vivo murine model of myocardial
ischemia-reperfusion injury. After 20 minutes of ischemia, isolated hearts were perfused
for up to 2 hours with solution (modified Kreb’s) only, solution plus insulin growth factor
(IGF-1), or solution plus tumor necrosis (TNFa). Cardiac contractility was monitored
continuously during this period of reperfusion.

Results: On the basis of histological evidence, IGF-1 prevented reperfusion injury as‘
compared with TNFa; TNFa increased perivascular interstitial edema and disrupted
tissue lattice integrity, whereas IGF-1 maintained myocardial cellular integrity and did
not increase edema. Also, there was a significant reduction in detectable creatine
phosphokinase in the perfusate from IGF-1 treated hearts. By recording transduced
pressures generated during the cardiac cycle, reperfusion with IGF-1 was accompanied
by markedly irﬁproved cardiac performance as compared with reperfusion with TNFol or

modified Kreb’s solution only. The histological and functional improvement generated

2 The major part of this chapter has been published in Journal of Critical Care. 2003 Dec;7(6):R176-83.
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by IGF-1 was characterized by maintenance of the ratio of mitochondrial to nuclear DNA
within heart tissue.
Conclusion: We conclude that IGF-1 protects ischemic myocardium from further

reperfusion injury, and that this may involve mitochondria-dependent mechanisms.
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5.2 Introduction

Cardiovascular diseases are among the leading causes of death in North America. The
most important presentation of cardiovascular disease is ischemia, which leads to tissue
hypoxia, cellular necrosis and apoptosis and in severe situations, organ dysfunction. The
main treatment of acute ischemic heart disease is early vascular reperfusion to restore
balance to cardiac metabolic demands. Although reperfusion is the foundation of
therapy, it may actually initiate further injury to the myocardium. Althoagh the
phenomenon of reperfusion injury is related to the duration of ischemia, it is a separate
entity and may be more severe than ischemic injury alone 220221 - [schemia-reperfusion
injury can be generated in various cardiovascular diseases or therapies including
myocardial infarction, cardiopulmonary bypass, coronary bypass grafting, heart
transplantation and coronary thrombolytic therapy. It has also been speculated that the
mechanism of myocardial dysfunction during septic shock is related to segmental
ischemia and reperfusion in the left ventricalar wall, because the involvement of

persistent global ischemia has been disproved 50222

Ischemia results from the absence of or sluggish blood flow in coronary vessels. This
leads to a mismatch between cardiac metabolic supply and demand. Ischemia of short
duration may contribute to stunned myocardium without tissue injury, but prolonged
ischemia results in a deficiency in energy supplies and waste removal, with eventual
initiation of cellular necrosis and priming of the myocytes for apoptosis % Early

restoration of blood flow or reperfusion reduces the extent of myocardium at risk for

death from necrosis. However in the presence of prolonged ischemia, reperfusion itself




initiates mechanisms of injury that are fundamentally different and potentially more

severe than those of ischemia.

Reperfusion injury is mediated by inflammation and characterized by the production of
reactive oxygen species (ROS). Production of ROS may be initiated during the ischemic
phase generating "primed" myocardium. ROS activate transcription factors, such as
NFxB, both in cardiac myocytes and the endothelium; in turn, this initiates transcription
of genes including those encoding adhesion molecules, cytokines, coagulation mediators
and proteolytic enzymes 2. In coordination with the complement cascade, ROS can
disrupt the integrity of both cardiac myocyte and endothelial cell membranes 22 These
events can change the intracellular ion homeostasis, resulting in the accumulation of
calcium and metabolic by-products. These changes increase the activation of enzymes
that are utilized in the pfocesses of necrosis and apoptosis and that alter mitochondrial
function '%. At the tissue level, this is manifested by interstitial edema and disruption of
the tissue lattice. Concomitantly, neutrophils and other inflammatory cells migrate into
the injured zone using adhesion molecules such as ICAM-1 under the stimulation of
secreted cytokines and chemotactic factors. Recruitment and infiltration of neutrophils
into the injured tissue is accompanied by neutrophils degranulation and further injury to
the border zone of viable cells. These late cellular events in the myocardium only occur
after reperfusion %2122 Oyr previous experiments demonstrated that expression and
activation of ICAM-1 is associated with decreased cardiomyocyte contractility and

cardiac depression (refer to Chapter 2 and 3) 80,
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Sustainable functioning of the myocardium is the central objective of therapeutic
intervention in myocardial infarction. Cardiac function and contractility are closely
related to cardiac metabolism and energy production. In cardiomyocytes energy
production is related to the number of mitochondria, with this organelle occupying up to
40% of the cardiomyocyte cytoplasm. Hence the total number of mitochondria in the
myocardial tissue can be used as a measure of cardiomyocyte activity and health 226228
In HIV-infected patients with symptomatic hyperlactemia receiving anti retroviral
therapy, Cote and co-workers showed that the ratio of mitochondrial DNA (mtDNA) to
nuclear DNA (nDNA) can be used as a marker of drug-induced mitochondrial toxicity
22 During the last century, there have been major improvements in the strategies used to
protect myocardial tissue from ischemia and reperfusion injury. These include
thrombolytic therapies, percutaneous transluminal angioplasty (PTA), coronary artery
bypass grafting (CABG) in the setting of acute occlusion of coronary artery and
controlled reperfusion, reperfusion with modified solutions, expeﬁmqntal endothelial
gene transcription during cardiac surgery and heart transplantation 2*%**. However, the
mechanism of the ischemic-reperfusion injury remains unknown and our abilities to treat
or prevent it are therefore limited. Using methods similar to those used by Cote and
coworkers, we investigated changes in heart mitDNA:nDNA ratio during myocardial

ischemia and reperfusion phases, and compared these levels to additional measures of

tissue injury.

New markers of myocardial injury may provide mechanistic insights and reveal

therapeutic possibilities in reperfusion injury. Here, we propose a new method, using
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IGF-1, of protecting cardiac tissue against ischemia-reperfusion injury in an ex vivo
murine model. The mechanism underlying this protective effect remains unclear.
However, the level of ICAM-1 protein expression is significantly lower in the presence of
IGF-1. The integrity of the myocardial tissue lattice was preserved and the development
of interstitial edema in myocardial tissue was inhibited. These effects were correlate&
with improved perfusion pressure and left ventricular compliance. We also demonstrated
that this IGF-1 mediated protection was accompanied by preservation of mtDNA content.
It has been shown that mutation in mtDNA promotes apoptosis in the presence of
predisposing factors such as ultraviolet 233 Intragastic administration of ethanol in mice
decreases mtDNA level of skeletal muscles, liver, cardiac, and brain tissues. This effect
of ethanol can be prevented using antioxidants 227 The high level of ROS formation is

associated with higher level of mutated mtDNA 228
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5.3 Methods and Materials

5.3.1 Ischemia-reperfusion model: C57B6 mice 25-30 g (Jackson Laboratories, Bar
Harbor, ME) were anesthetized using 3% isoflurane (Baxter, Toronto, ON, Cangda) for
one minute and maintained at 1% isoflurane for 3-5 min during cardiac excision. To
prevent coagulation in coronary vessels 500 units Heparin-sodium (Organon Teknika Inc.
Toronto, ON, Canada) was injected intra-peritoneally 10 min before induction of
anesthesia. The heart was excised and assembled on a Langendorff apparatus and
perfused with oxygenated (95% O, + 5% CO,) modified Kreb's Henseleit working
solution (MK) at 37°C for 3-5 min 236238 until monitoring reveal that organ was stable.
Transduced left ventricle and aortic pressures, and heart rate were monitored
continuously using Power lab/8sp detector (AD Instruments Pty Ltd. Castle Hill,
Australia). Retrograde perfusion was then stopped for 20 min to model of global ischemia
(a period of 20 min of ischemia was found to be optimal for the ischemic phase in this
model). The ischemic hearts were then reperfused with MK solution alone, MK solution
plus IGF-1 (10 ng/mL), or MK solution plus TNF-a (10 ng/mL) for 1h or 2h. After
completion of the reperfusion period, the hearts were divided into syrnmetﬁcal ﬁalves.
One half was frozen using 2-methylbutane (Isopentane, MERK KgaA, Darmstadt,
Germany) in liquid nitrogen for 80 sec for eventual sectioning and/or DNA isolation.

Paraffin embedding of the other half followed fixation of the sample in 10% formalin.

5.3.2 Histologic evaluation: Slides of paraffin embedded tissues from the apex to the
basal portion of the hearts were prepared and stained with hematoxylin and eosin (H&E).

Serial 400x magnified images were captured using a Nikon E600 microscope and Spot
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Advancéd software (version 3.4.2 S. Leffler & Silicon Graphics Inc. Mountain view,
CA). Image Pro-Plus software (Media Cybernetics, Carlsbad, CA) was used to evaluate
the severity of interstitial edema around the perivascular spaces of coronary arteries and
veins. Measures were taken in 10 sections from each of 4 hearts for all conditions and
time points. The extent of interstitial edlema was measured by selecting a circular area
with a radius two times greater than the vascular space contained within the drawn circle.
The total vascular (V) and perivascular areas (pV) were measured. “Non-tissue” area
(NT) was determined by color segmentation images constructed by Image Pro-Plus. Total
interstitial edema was determined by subtracting the vascular area from the non-tissue
area and expressing this as a percentage of total perivascular area Percentage of edema =

[NT-V]/pV x 100.

5.3.3 ICAM-1 expression of cardiac tissue: Frozen sections of the hearts were fixed
and stained with Alexa 594 anti-ICAM-1 antibody, and Hoechst nuclear staining. Using
confocal microscopy (400x) images were captured. The mean intensity of ICAM-1 and
Hoechst staining were measured using fluo-cytogram software in gray scale (0-255) as
previously mentioned in chapter-3 section. The ratio of ICAM-1 to nuclear staining was
measured and compared to control groups (refer to chapter 3 section 3). The level of

ICAM-1 mRNA was also measured (refer to chapter 2 section 3.3).

5.3.4 Ventricular function assessment: Heart rate and pressure generated during the

cardiac cycle was obtained by transduction of the aortic cannula and recorded
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continuously during ischemia and reperfusion using Power lab/8sp detector. Using
Powerlab software the difference between ex vivo systolic and diastolic pressure (AP
sys/Dia) at different time points was calculated to assess ventricular performance. Pressure
measured during systole reflected contractility and diastolic pressure drops reflected
relaxation of the ventricle. Thus greater AP gyypia values indicate better overall

performance of the left ventricle.

5.3.5 Detection of CPK: A 1 mL sample of myocardial perfusate was collected every
15 minutes during the reperfusion phase. The samples were frozen in a mixture of ethanol
and dry ice 2°?*. The level of creatine phospho-kinaée (CPK) was measured using
Vitros CK slides (Ortho-Clinical Diagnostics, Rochester, NY). Briefly 11 uL of perfusate
was deposited on the slide and evenly distributed. Samples were incubated for 5 minutes
at 37°C. After final interaction, leuco-dye is oxidized by hydrogen peroxide in the
presence of peroxidase to form an insoluble dye. Reflection densities are monitored
during incubation and the rate of change in reflection density is then converted to enzyme

activity by using 670 nm wavelength in the Vitros Chemistry 250 System.

5.3.6 MitDNA:ﬁDNA assay: Frozen hearts initially embedded in opaque tissue-
fixation material were thawed, cut into small pieces (~3 mg) and then placed into lysis
buffer. DNA was extracted using the Qiagen DNA isolation kit, (Qiagen Canada
QIAGEN Inc. Mississauga, Ontario, Canada) in accordance with the manufacturer’s
protocol. Extracts were then diluted.1/80 with buffer AE before performing the mtDNA

. o : 226,229,241
assay, as reported in murine tissues as described below 6229241

129




For each DNA extract, one murine nuclear gene (accessbry subunit of the murine
mitochondrial DNA polymerase Y (ASPG), Genbank Accession number AF177202) and
one murine mitochondrial gene (cytochrome oxidase subunit 1 [COX], Genbank
- Accession number AB042432) were quantified separately by real-time, quantitative PCR,
using the Roche LightCycler (Roche Diagnostics, Indianapolis, IN). For the
mitochondrial (COX) gene, | the forward  primer mCOXIF (5'-
TCGTTGATTATTCTCAACCAATCA-3") and the reverse primer mCOX2R (5'-

GCCTCCA ATTATTATTGGTATTACTATGA-3') were used. The oligonucleotides 3'-
fluorescein-mCOXPR1 (5'-AACCAGGTGCACTTTTAGGAGATGACC-F3') and 5'-LC
Red 640 3'-phosphate-blocked-mCOXPR2 (5-L-AATTTACAATGTTATCGTAACTG
CCCATGC-P3") were used as hybridization probes. For the nuclear (ASPG) gene, the
forward primer mASPGIF (5-GGAGGAGGCACTTTCTCAGC-3") and the reverse
primer mASPG2R (5-GAAGACCTGCTCCCTGAACAC-3") were used. The
oligonucleotides 5'-flourescein-mASPGPR1 (GCGCTTTGGACCTTTGGGTGTAG-F3')
and mASPGPR25'L- GTTACGAAAGAACCTAGCCTCACAGTGGT-P3'") were used as
hybridization probes. PCR reactions and amplification cycles were performed as

described 2%,

A standard curve consisting of serially diluted mouse DNA (30 000, 6000, 1200, 240 and
48 nuclear genome equivalents) were included in each run. The same standard curve was
used to quantify both the nuclear (ASPG) and the mitochondrial (COX) gene. mtDNA

and nDNA genes were assayed in duplicate. Results of the quantitative PCR assay were
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expressed as the ratio of the mean value of the duplicate mtDNA measurements to the
‘mean value of duplicate nDNA measurements. As a further quality control, a mouse
DNA extract with a mtDNA:nDNA, known to be high and an extract with a
mtDNA/nDNA ratio known to be low were included in every run. Repeat sample and

intra-sample variations were <5%.
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5.4 Results

5.4.1 IGF-1 decreases ICAM-1 expression of cardiac tissue during reperfusion:
Twenty minutes ischemia follow by 2 hours reperfusion with MK increased the
expression of ICAM-1 on cardiac tissue compared to control ( 3.4 = 0.2 vs 1.5 £ 0.1
p<0.001) as determined by the measured ratio of ICAM-1 to nuclear staining. Two hours
reperfusion with TNFo significantly increases ICAM-1 expression relative to control,
and MK (4.0 £ 0.2, p<0.05). Reperfusion in the presence of IGF-1 did not increase
ICAM-1 protein expression on cardiac tissue (1.9 + 0.1 vs 1.5 = 0.1, p=NS). This
indicates thaf suppression of ICAM-1 expression during reperfusion in the presence of
IGF-1 (Figure 5.1A) may contribute to better cardiac performance. However reperfusion
with IGF-1 did not prevent the increased level of ICAM-1 mRNA suggesting that the
inhibition of ICAM-1 is at the level of protein. expression during reperfusion (Figure

5.1B).

5.4.2 Perivasular interstitial edema and tissue lattice integrity: The cellular integrity
of the myocardium was well preserved in the tissue of hearts reperfused with IGF-1
(Figure 5.2). The area of interstitial edema in IGF-1 treated hearts was 21 + 4% compared
to 34 * 6% and 49 £ 5% for reperfusions with MK only and MK with TNF-a
respectively (p<0.05). Representative tissue histology imagesvare presented in Figure 5.2
and were similar throughout the four hearts and in all conditions. Additional histology

observations included an increased number of shrunken, contracted myocytes with dense
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Figure 5.1A Reperfusion of ischemic hearts with MK only and MK with TNFo increased the

expression of ICAM-1 protein on cardiac tissue (p<0.01). This effect can be prevented using IGF-1 in MK.

N Control

BN IGF
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ICAM-1/GAPDH mRNA

Figure5.1BReperfusion of ischemic hearts with MK only, MK with TNFo., and MK with IGF-1 increased

the expression of ICAM-1 mRNA of cardiac tissue compared to control group (p<0.001).




Control Ischemia

1 h reperfusion ‘

2 h reperfusion

Figure 5.2 Representative images (x400) of hematoxylin and eosin stained sections from murine
hearts subjected to ischemia/reperfusion. Images are of control, ischemia without reperfusion, and
reperfusion with modified Kreb’s Henseleit working solution (MK) alone, MK plus tumor necrosis factor
(TNFa), and MK plus insulin-like growth factor (IGF-1), both at 1 and 2 hours. Note the preservation of

cellular and structural elements and the lack of interstitial edema in IGF-1 reperfused heart.
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pycnotic nuclei with MK plus TNF-o reperfusions as compared with perfusate containing

IGF-1.

5.4.3 IGF-1 improvement in myocardial performance during reperfusion: Cardiac
performance was determined by calculating the pressure difference between systole and
diastole (APgys4ia) at set time points. The systolic and diastolic pressures were determined
by taking the average values from a window around the respective time points.
Performance is then a measure of both contractility (stroke volume and force of left
ventricle contraction manifesting as systolic pressure) and diastolic function, or
relaxation of the left ventricle (a reduction in diastolic pressures). Improved performance
is manifested then by a widening in APgyyqia. Pressure monitoring demonstrated that
cardiac performance increésed from 0 to 40 min of reperfusion for all conditions (Figure
5.3). After 40 min of reperfusion, cardiac performance arrived at a plateau and became
negative for the remaining minutes for the MK alone or MK plus TNF-a. reperfusions.
With reperfusion with MK plus TNF-o the APy, 1nitially increased to 6.8 = 0.7 mmHg
as compared with reperfusion with MK alone (5.1 + 0.6 mmHg). However, reperfusion
with IGF-1 generated a APy qia that was significantly greater (13.8 + 1.2 mmHg) than
with TNF-o (6.8 £ 0.7 mmHg) by 20 min. Heart rate was significantly increased in the
presence of IGF-1 (172.4 £ 4.2) compared to MK (58.3 + 2.8) and TNFa. (101.7 % 3.8).
This gain in cardiac performance was maintained up to 120 minutes of reperﬁision with
IGF-1. The enhanced performance was reflected in improvements in both systolic and

diastolic pressures and heart rate. The late descent in slop at 120 minutes of reperfusion

with IGF-1 was similar to that occurring with reperfusion with MK alone or MK plus
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TNF-a, but may relate to ex vivo conditions other than the ischemia time and the
reperfusion solution. A paired two sample t-test for means between groups demonstrated
a statistically significant difference between IGF-1 and MK alone and MK with TNF-

o (p<0.005).

5.4.4 Low creatine phosphokinases level in IGF-1 treated hearts: Collected
perfusate from hearts treated with IGF-1, at all reperfusion time points, contained
significantly lower quantities of detectable CPK (34.6 U/L) than did perfusate from TNF-
o treated hearts (113.6 U/L). This is shown as an averagé for all time points (Figure 5.4).

Single factor ANOVA revealed a significant difference between groups (p<0.005).

5.4.5 Ratio of mitochondrial to nuclear DNA: IGF-1 maintained or improved the
mtDNA:DNA ratio during reperfusion of ischemic myocardium as compared with
control reperfusion with MK alone. There was a significant difference between all test
groups (baseline, ischemia, MK alone reperfusion, and MK with IGF-1 reperfusion) in
the determined mtDNA:nDNA (p<0.05 ANOVA). Based on previous work, it was
thought useful to test the utility of mtDNA:nDNA to assess the ncellular health" of
ischemic and reperfused myocardium tissues 2??’, How IGF-1 preserves mtDNA:nDNA
and if this also means intact oxidative mitochondrial function that promotes cellular
viability remains to be investigated. We found that IGF-1 appeared to protect heart tissue
against a reduction in the mtDNA:nDNA, which was accompanied by improved
histological grading and improved organ function in terms of contractility. A reduction in

this ratio may represent either necrosis of at risk tissue or a reduction in mitochondrial
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number after the initial stimulus (ischemia) followed by subsequent reperfusion (Figure
5.5). Such a reduction was noted with reperfusion with MK alone after the initial increase
in mtDNA:nDNA that occurred after ischemia alone without reperfusion. Because this
model utilized a cell free perfusate the intDNA:nDNA is not confounded by potential
contributions from immune cells, a point that has been raised as a possible explanation

for changes in mtDNA:nDNA.
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Figure 5.3 Determination of cardiac performance. (A) Tracing from continuous monitor recording

obtained during ischemia and reperfusion. (B) Determination of cardiac performance is as described in the
methods section and includes calculation of the pressure gradient between systolic and diastolic pressure
transductions from the aorta and left ventricle. Reperfusion with IGF-1 generates a significant improvement

in cardiac performance at all time points (p<0.05).
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Figure 5.4 Measured creatine phosphokinase (CPK) in perfused murine hearts. Hearts were prepared

for ex-vivo reperfusion. Perfusate solution was collected (1 ml/4 min) around each time points. Reperfusion

with TNFo generates a significant elevation in the detectable amount of CPK activity relative to that

detected with IGF-1 (p<0.005).
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Figure 5.5 Determination of mitochondrial DNA (mtDNA) to nuclear DNA (nDNA) ratio. The

mtDNA:nDNA ration was determined for all conditions (p<0.05). The ratio of mtDNA/nDNA was
determined for the following conditions: control, ischemia without reperfusion, modified Kreb’s alone for
1h (MK 1h), modified Kreb’s alone for 2h (MK 2h), modified Kreb’s with IGF-1 for 1h (IGF 1h), and
modified Kreb’s with IGF-1 for 2h (IGF 2h). The number within each histogram represents the number of
hearts processed for that condition. The values for mtDNA/nDNA in the controls, ischemic myocardial

tissue and either reperfusion group (MK or IGF-1) were significantly different from each other (p<0.05).
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5.5 Discussion

Despite a range of clinical interventions, our ability to prevent reperfusion injury after
disruption of blood flow to vascular beds remains disappointing. An appreciation of the
mechanism of ischemia/reperfusion injury is central to development of better treatments.
In the present study we demonstrated that IGF-1 can lessen reperfusion injury following

an initial ischemic insult.

The anti-inflammatory effect of IGF-1 on cardiac and other tissues has been shown
previously *>'%?% We found that IGF-1 inhibits the expression of ICAM-1 protein on
myocardial tissue after ischemia and during reperfusion. However IGF-1 cannot inhibit
the presence of ICAM-1 mRNA suggesting the effect is on translation or transportation
of ICAM-1 during reperfusion. The failure in translation or transportation of ICAM-1
protein to the membrane could be related to the activation of PI3-kinase pathways which
is activated by IGF-1 *"?*!. This effect of IGF-1 can be through usage of PIP2 8 which is
also necessary for ICAM-I dimerization "*'**. ICAM-1 expression and activation is
associated with decreased cardiomyocyte contractility which results in decreased cardiac
contractility. IGF-1 decreases ICAM-1 expression on cardiac tissue and improves cardiac

performance.

This efféct of IGF-1 on the ischemic myocardium was supported by histological evidence
of improved tissue and cellular integrity, including markedly less interstitial edema

around the perivascular spaces. In this model, ischemic myocardium treated with IGF-1
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had significantly lesser amounts of detectable CPK than did myocardium treated with
TNF-0, suggesting reduced cellular injury. This is also consistent with the cardiac
performance and left ventricular contractility of IGF-1 treated hearts that exhibited a
greater APgyy/pi, and heart rate compared to control and TNFa treated groups. It should be
nc;ted that the detectable CPK levels would not be above the normal range as determined
for human whole blood samples. However, there was considerable histological evidence
of tissue damage in the TNF-« treated hearts, suggesting the relative insensitivity of CPK
in detecting lesser myocardial injuries. A more sensitive marker would be valuable not
only for studying the mechanism that underlies reperfusion injury but also for evaluating
the efficacy of therapeutic interventions. This is particularly true when one considers the
segmental and intermittent ischemic/reperfusion zones that characterize dysfunctional
myocardium in sepsis. The initial improvement in contractility, observed under all
conditions of reperfusion, was probably the result of a new supply of nutrients after the
ischemic period, including oxygen. The addition of IGF-1 significantly augmented this
improvement in left ventricular pressure generation and relaxation (thus increasing

APgsyspia). This improvement was maintained throughout the period of reperfusion.

Myocardial performance at the cellular level is associated with the number or functional
capacity of mitochondria. To inveStigate indirectly whether mitochondrial function may
represent a maker of this beneficial effect of IGF-1, we determined the mtDNA:nDNA
ratio in relation to myocardial function. Although not appreciated clinically, ischemia and

87,98,225,230,232

reprefusion are two distinct periods . The ischemic period has been described

as ‘priming’ cardiac myocytes for either a necrotic or apoptotic death. A marked increase
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~ in mtDNA:nDNA ratio was detected in the ischemic myocardium relative to baseline
control levels. Apoptosis has been found to be an event that requires energy 245,246 This
increased mtDNA:nDNA ratio may indicate an increase in the number of mitochondria
per cell or an increase in the genome copy number per mitochondria. However the above
effect of IGF-1 should be investigated because of the effect of IGF-1 on saving mutant

forms of mtDNA 228,

Myocardial reperfusion injury, as a separate event, can increase the extent of injury
beyond that caused by ischemia alone. It has been shown that modification of solutions or
other conditions during the reperfusion phase can alter Vthe extent of cellular iand
functional damage to the myocardium. We determined that the nature of the reperfusate
can affect mtDNA:nDNA ratio. Reperfusion with MK alone resulted in a reduction, in
mtDNA:nDNA ratio toward baseline values. This may reflect either mitochondrial
mitoptosis in damaged and ‘primed’ tissues or the necrotic loss of similar cells that were
‘primed’, resulting in elevated mtDNA:nDNA ratio after ischemia. The net effect would
be that the remaining tissue is spared and should reflect baseline tissue. However, a
mtDNA:nDNA ratio that does not differ from baseline does not indicate that the tissue is
working normally. In fact, histology and contractility determinations demonstrated that
the heart had sustained signiﬁcant tissue damage and was dysfunctional after MK
reperfusion. With IGF-1 reperfusion this reduction in mtDNA:nDNA ratio was
prevented, suggesting that the extent of injury is not associated with elevated
mtDNA:nDNA ratio alone. In fact, after ischemia reperfusion, it was found a normal

mtDNA:nDNA early after reperfusion predicted significant tissue injury. The patterns of
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mtDNA:nDNA ratio, as seen in this model, may prove useful in future investigation of

possible mitochondrial-related mechanisms of reperfusion injury.

IGF-1 can affect cardiomyocyte contractility through its receptor - a heterotetrameric
protein with intracellular tyrosine kinase activity 241 Downstream signals after receptor
actifzation include Shc, Crk and phospholipase C, and activation of phosphatidylinositol-3
(PI3) kinase. Guse and coworkers 243 demonstrated that IGF-1 can increase IP3 levels in
rat cardiomyocytes. Through its action on PI3 kinase, IGF-1 can affect both contractility

248

85 contractility and apoptosis ***. The action of IGF-1, as demonstrated in our myocardial

ischemia/reperfusion model, may occur via P13 kinase and/ or effects on mitochondria.
Increases in cardiomyocyte calcium levels and cardiomyocyte sensitivity to calcium 249
have been demonstrated to effect cardiac performance. Alteration in calcium metabolism
may interfere with the action of calcium because the filamentous network of
cardiomyocytes and their contractile properties are extremely sensitive to even small
fluctuations in calcium ion concentration **°. ICAM-1 activation and hemodimerization is
dependent on the one of the products of PI3 kinase pathways ie PIP2"°'** The decreased
expression of ICAM-1 in the presence of IGF-1 can be explained by an increase level of
IP3 which need consumption of PIP2. This may show that IGF-1 reduces the level of
PIP2 to increase production of IP3 and calcium release from sarcoplasmic reticulum.
However in this ex vivo model of ischemia reperfusion injury the protective effect of
IGF-1 may not be related to the ICAM-1 activation because of lack of ICAM-1 ligands

Such as CD11/CD18 receptors on inflammatory cells. Fibrinogen, a ligand for ICAM-1,

is present but not at the concentration that may be in the circulation. Thereby the
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protective effect of IGF-1 may be more from the indirect effect of IGF-1 on ICAM-1

expression, i.e., PI3K pathway.

Hence it is logical to speculate that IGF-1 can be used as a therapeutic intervention to
inhibit ICAM-1 expression in various types of inflammatory responses including sepsis
especially when we use it before the initiation of inflammatory responses as a preventive
agent. It is important to note that IGF-1 per se can increase the survival of inﬂammatory'
cells and increase the degranulation ability of the inflammatory cells thereby using IGF-1
as a therapeutic agents in inflammatory response should be with a very careful

assessment and evaluation and it needs more investigations.

A similar result to that presented here for IGF-1 in myocardial ischemia/reperfusion has
been demonstrated for vascular endothelial growth factor (VEGF), suggesting that a final
common ‘protective’ pathway may exist *°. Anwar and coworkers *°' showed that TNF-
o decreased IGF-1 mRNA and increased IGF-1 binding protein-3 mRNA expression in
vascular smooth muscle cells. These actions of TNF-a effectively reduce free IGF-1
levels and activity, promoted endothelial instability. Infusion of the modified IGF-1
reduced the TNF-a induced apoptosis. An interaction between VEGF and IGF-1 was
characterized in retinal neovascularization in diabetic patients ****2, The. authors of that
report described common mitogen kinase 44/42 pathways that may be related to the
mitogenic effect of those two molecules. However the short time effect for both IGF-ll
and VEGF in myocardial ischemia/reperfusion models is most probable through the Akt

pathway 86252 Akt activation can improve contractility through PI3 kinase signaling and
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is also an initiator of protein kinase C activation upstream. Protein kinase C plays an
important role in cardiac function, calcium metabolism, and contractility. Michell and
coworkers showed that IGF-1 and VEGF both stimulate nitric oxide production from
endothelial cells and that inhibition of PI3 kinase by wortmannin and L Y29004 decreases

nitric oxide production and reduces cardiac function 8,

Akt signaling has also been
demonstrated to prevent apoptosis. Whether this pathway alters the expression of bcl-2

family members by IGF-1 exposure remains unknown.

It has been shown that IGF-1 can protect myocardium and other tissues against apoptosis
in various animal models ******** IGF-1 may also improve cardiac function in diabetic

84,102,254-256 and rat models of myocardial infarction and reperfusion 87 1t has been

patients
shown that IGF-1 can protect myocardium by regulating changes in proapoptotic and/or
antiapoptotic molecules such as Bcl-2, Bel-X;, and Bax. These are all related to the

mitochondrial apoptotic pathway and mitochondrial energetics 87 This may also explain,

in part, how IGF-1 protects myocardium even in the later phase of reperfusion injury.

In an ex vivo model of myocardial ischemia and reprefusion we demonstrated that IGF-1
protects against the reperfusion-associated injury. It can decrease the level of the
inflammatory response by the reduction of membranous ICAM-1 presentation. We found
this protective effect of IGF-1 to be correlated with elevated mtDNA:nDNA relative to
baseline, and this may represent a marker for the preservation of mitochondrial function.
This study provides new insight into ischemia/ reperfusion and possible mechanisms and

treatment for the tissue injury and organ dysfunction associated with this process. The
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eventual benefit of this to our understanding of myocardial dysfunction in sepsis awaits

further study.
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Chapter-6

Final conclusion

All cardiac inflammatory diseases including ischemia reperfusion injury, sepsis,
transplant rejection, myocarditis and cardiomyopathy contain a common pathway
regardless of the main causes of myocardial inflammation. The inflammatory response of
the heart is manifested by lowered cardiac pumping function. At the cellular level,

myocardial inflammation is associated with increased cytokine release, recruitment and

59,60,107,108

activation of inflammatory cells and activation of coronary endothelial cells

109119 " The above events increase the level of adhesion molecules on endothelial cells

and cardiomyocytes 92,110160.162 fhllowed by an interaction between receptors of
endothelial cells and activated leukocytes. One of the most important receptors in cardiac
p

inflammatory responses is ICAM-1.

ICAM-1 (CD-54), a 76-114 kDa glycoprotein, is expressed in both normal and activated

cardiomyocytes >>%*19"1% Yyithin 2 to 4 hours cytokines and LPS treatments increase

109,110

endothelial ICAM-1 expression This upregulation of ICAM-1 facilitates

neutrophil binding and migration which has been demonstrated using cultured endothelial

cell monolayer in vitro, a process involving the interaction of ICAM-1 with LFA-1

(CD11a/CD18) and Mac-1 (CD11b/CD18) *'%®, Furthermore, the extracellular domains

of the ICAM-1 molecule can interact with various ligands including fibrinogen '*’,

130,131 32

Rhinoviruses '>°, Coxsackie viruses , and Plasmodium falciparum 2.
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Our experiments demonstrate that ICAM-1 is not only a receptor for adhesion of
leukocytes or other proteins, but also functions as a regulatory protein, specifically in
cardiomyocyte contractility. In vitro we have shown that cardiomyocyte ICAM-1
activation, through the binding of CD11/CD18 recep£ors of inflammatory cells, or by
cross-linking, reduces cardiomyocyte contractility. This effect of ICAM-1 activation is
associated with cardiomyocyte cortical cytoskeleton assembly and related proteins such
as FAK and RhoA which result in alteration of Ca®* propagation during excitation
contraction cycles. Whether this change in calcium influx is due to the alteration in
juxtaposition of cardiomyocyte Ca®" ions should be investigated through electron
microscopy. Our preliminary experiments, using nanogold labeled.antibodies to detect

RyR and DHPR juxtaposition, seem promising (Figure 6.1).

Using an in vivo model of sepsis in mice we then demonstrated that LPS injection
increases ICAM-1 expression of cardiac tissue and decreases cardiac function. LPS
injection in mice changes the peripheral blood cell differentiation showing decreased the
leukocyte count, increased the percentage of PMN, and decreased the platelet count. The
effect of LPS on cardiac function is related to the number of inflammatory cells as
demonstrated by impaired cardiac function in neutrophillic (GCSF treatment) mice and
improved cardiac function in neutropenic mice (cyclophosphamide treatment). These
findings indicate the importance of inflammatory cells in inducing cardiacvdysfunction in

the endotoxemia models.
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Lack of the ICAM-1 gene (protein) protects murine cardiac function against the effect of
LPS. By using a chimeric model we have found that the level of ICAM-1 -expression on
cardiac tissue is directly associated with lower cardiac function. Although the presence of
ICAM-1 on inflammatory cells is an impoﬁant co-factor for antigen recognition, there is
no defect of inflammatory response in our chimeric model demonstrated by the same

response of chimeric (H'/M’) and wild type mice to the effect of LPS.

Although the above effect of LPS (decreased cardiac function) is associated with
recruitment of circulatory inflammatory cells to the left ventricle, which was
demonstrated by-a higher number of intravascular and adherent inflammatory cells, there
is no evidence of the presence of inflammatory cells in the cardiac interstitial space,
excluding the role of inflammatory cells in the activation of cardiomyocyte ICAM-1
through the interaction of their ligands (CD11/CD18). Furthermore investigétions using
BrdU staining of bone marrow did not show the presence of inflammatory cells in the
cardiac interstitial space confirming the above results. Therefore CD11/CD18 receptors
on inflammatory cells may not be a reason for cardiomyocyte ICAM-1 activation after

LPS injection.
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Figure 6.1

Preliminary experiment using nanogold beads and electron microscopy to define the

juxtaposition of RyR (< 5 nm) and DHPR (6 nm).
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We then demonstrated that fibrinogen can decrease cardiomyocyte contractility. This
effect of fibrinogen occurs via its activation of ICAM-1. We also observed that after LPS
injection fibrinogen infiltrates into the cardiac tissue indicating that fibrinogen can enter

into cardiac tissue in the presence of a leaky endothelial surface.

The result of investigation of IGF-1 in the model of ischemia reperfusion injury
demonstrated that IGF-1 can inhibit the expression of ICAM-1 in cardiac tissue. The
mechanisms of cardiac dysfunction in the model of ischemia reperfusion injury, although
is different from those of the sepsis model, have many common intracelluiar cascades
including increased ICAM-1 expression. During ischemia reperfusion injury some part of
myocardial dysfunction is irreversible because of myocardial necrosis, while viable and
at-risk cardiac tissues accompanies with less injury and reversible dysfunction. The
important step to save myocardium from further cardiac damage during reperfusion is to
save at-risk and remaining myocardium. I believe that the at-risk area of myocardium has
a similar mechanism of myocardial dysfunction to that of sepsis. Whether IGF-1 can be
used as a therapeutic intervention to improve cardiac function during sepsis has yet to be
investigated. Although the clinical trial of IGF-1 in septic patients failed to show the
benefits of IGF-1 treatment in critically ill patients, I believe the decrease in ICAM-1
expression in the presence of IGF-1 should be seen before initiation of the severe
inflammatory process as we have also seen in chapter 5. In addition to the other benefits
of IGF-1 on cardiac function which were mentioned in - chapter 5, it is important to
consider that IGF-1 can improve calcium release which may abrogate the final effect of

ICAM-1 activation on cardiomyocyte Ca®* influx.
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Taken together we have found that one of the most important causes of decreased
cardiomyocyte contractility is a result of ICAM-1 activation. ICAM-1 activation changes
Ca’" influx during excitation contraction. The expression of ICAM-1 on cardiac tissues
was increased after LPS injection and the presence and activation of ICAM-1 on cardiac
tissue is necessary and sufficient to induce cardiac dysfunction. LPS injection increases
intravascular and adherent inflammatory cells on the coronary endothelium. The number
of interstitial inflammatory cells in the LPS treated hearts did not increase thereby
excluding the role of CD11/CD18 receptors in ICAM-1 activation. However we speculate
that the presence of inflammatory cells increases the leakiness of the endothelial surface,
enabling infiltration of fibrinogen into the cardiac tissue after LPS injection. The
adhesion of fibrinogen to cardiomyocyte ICAM-1 can decrease cardiomyocyte
contractility and consequently cardiac function in our endotoxemic model of sepsis. This
experimental conclusion could be extended to describe 6ne of the mechanisms of cardiac
inflammatory processes which are involved in reversible cardiac dysfunction in various

types of cardiac diseases.
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