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ABSTRACT 

Inflammatory mediators of sepsis induce apoptosis in many cell lines. We tested the 

hypothesis that lipopolysacharide (LPS) injection in vivo results in induction of early 

apoptotic and survival pathways as well as evidence of late-stage apoptosis in the heart. 

Hearts were collected from control rats and at 6, 12 and 24 hours after LPS injection (4 

mg/kg). After LPS injection Bax (early pro-apoptotic) mRNA increased (16% at 24 

hours, p<0.05) whereas Bax protein initially decreased (35% at 6 hours, p<0.05) and then 

returned to baseline values by 24 hours. Six hours after LPS injection Bcl-2 (early 

survival) mRNA levels increased while its protein levels decreased (70%, p<0.05) and 

then returned to baseline levels by 24 hours. Mitochondrial cytochrome C levels 

decreased suggestive of mitochondrial involvement. Activation of an apoptotic pathway 

was confirmed by the 1000 fold increase in caspase 3 activity at 24 hours (p<0.05). 

TUNEL staining identified myocardial cells undergoing DNA fragmentation with 

significant levels occurring at 24 hours post LPS injection. Heart function in this model 

as measured by myocyte contractility, showed a 29% decrease in fractional shortening at 

6 hours after LPS injection with a 50% improvement present by 12 hours. Heart function 

at 24 hours was comparable to the 12 hour time point. Thus, activation of apoptotic and 

survival pathways in the heart occurs during a septic inflammatory response. The 

presence of apoptotic pathways temporarily correlates with myocardial dysfunction. 
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C H A P T E R 1: INTRODUCTION 

1.1 Background of Sepsis 

Sepsis affects l%-2% of all hospitalized patients resulting in approximately 40 000 cases 

annually within Canada. Sepsis is also accompanied by a 20% to 30% mortality rate 

Sepsis develops as a secondary infection to the systemic presence of bacteria or fungi that 

have arisen from such illnesses as urinary tract and respiratory infections *. Most 

commonly, the infection is the result of either gram positive or gram negative bacteria 

1>3. Clinically, sepsis is defined and diagnosed as a patient with the following 

symptoms: positive blood culture for pathogens, fever or hypothermia, tachypnea, 

tachycardia, and one of the following: acidic blood, decreased urine output, hypotension, 

or deteriorated mental status 1>3. Septic patients also suffer from a systemic 

inflammatory response, altered organ perfusion, and activation of both complement and 

coagulation cascades M-6. Many inflammatory cytokines are produced as a result of 

sepsis including tumor necrosis factor alpha (TNFcx), interleukin-1 beta (IL-1P), IL-2, IL-

6, IL-8, IL-10, and interferon gamma (IFN-y) 7,8. TNFa and IL-ip are among the first 

cytokines produced which further activate production of other inflammatory cytokines, 

nitric oxide and reactive oxygen intermediates (ROI). The levels of these cytokines and 

mediators can have detrimental effects as will be discussed through out this paper. 

An alarming trend seen in the last few decades is a rise in the number of septic cases 

2>3>9. j t j S believed that this increase is contributed to by the use of immunosuppressive 

drugs and invasive medical procedures 3.10. As well, the number of gram positive septic 
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cases has been increasing 9. Current therapeutic approaches include antibiotics, surgery 

to remove dead tissue, fluid therapy, and vasoactive drugs 9,10, More novel therapies 

include antibodies directed against the gram negative bacteria, specifically to the lipid A 

domain of the lipopolysaccharide (LPS) 1U12. other therapies include antibodies to pro­

inflammatory cytokines (TNFa, IL-lp) 10,13,14 However, these novel therapies show 

minimal success with regards to the disease profile and showed no effect on 28 day 

mortality rate H-13. 

Current mortality rates for sepsis are 20%-30% and rise to 60%-80% if cardiac 

dysfunction occurs as it does in 40% of all septic cases 5 

1.2 Septic Myocardial Dysfunction 

Cardiac dysfunction in sepsis occurs due to a decrease in cardiac output l D \ Two 

contributing factors include alterations in systolic and diastolic function of the heart. 

Systolic function is depressed during sepsis despite a lower mean arterial pressure. This 

is accompanied by a decreased ejection fraction Survivors of sepsis, unlike non-

survivors, compensate for this malfunction by dilating their left ventricle resulting in a 

return to a normal ejection fraction by day 6 16. This lack of ventricular dilation 

(diastolic dysfunction) and decreased systolic function (systolic dysfunction) is believed 

to be the result of a circulating myocardial depressant 15,16. 
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Evidence for a circulating myocardial depressant factor (CMDF) comes from a variety of 

studies. Studies investigating the effect of septic serum on cultured cardiac myocytes 

have shown that the septic serum depresses cardiac contractility and frequency of 

contraction compared with control serum 17. No differences on cardiac function were 

detected between survivors and non-survivors of sepsis, implying that the CMDF was 

present in both populations irrespective of outcome 17. Dialysis of the serum prior to 

incubation with the myocytes resulted in the lost of the depressant activity. By the use of 

dialysis and gel filtration the molecular weight of the CMDF was determined to be 

approximately 2000 molecular weight 17. Similar evidence has been identified in animal 

studies. Sera from endotoxemic rats in the acute phase of the infection (1-3 hours post 

endotoxin injection) produced depressed cardiac function on in vitro myocytes 18. This 

early onset of myocardial dysfunction potentially suggests the negative influence of pro­

inflammatory cytokines. Endotoxin had no direct cardiac myocyte depressant activity 18. 

Carli and colleagues also isolated and identified the depressant factor as being lipid 

soluble 18. Others have identified the myocardial depressant as water soluble 19. Thus a 

variety of CMDFs may be present. 

Continued investigation into the CMDF has suggested that TNFcx, IL-ip, and other 

cytokines are all possibilities. Evidence includes the following. Characteristics of the 

CMDF had a similar profile to that of cytokines. Kumar and colleagues 20 tested a 

variety of cytokines including IL-lp, IL-2, IL-4, IL-6, IL-8, IL-10, IFN-y, and TNFa for 

their affect on cultured myocytes. Only TNFa and IL-1B showed any cardio depressant 

effects. As well, serum from patients with acute shock when pre-incubated with anti-
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TNFa or anti- IL-1 P prior to incubation with cardiac myocytes resulted in an unaffected 

depressant activity but if both were immunoabsorbed then contractility was restored 20. 

These studies suggest that TNFa and IL-ip may have overlapping functions. Using anti-

TNFa antibodies prior to induction of endotoxin in a septic pig model also showed 

improved Emax, a measurement of contractility, during the first four hours post injection 

21. Blockage of TNFa, however, still showed a 10% depression in cardiac contractility 

21 possibly the effect of IL-1 p. As well, TNFa challenged canines show a myocardial 

dysfunction similar to human septic shock characterized by a decreased ejection fraction, 

cardiac index, and mean arterial pressure 22. Ejection fraction can be affected by a 

variety of physiological responses including afterload, heart rate, and preload. Increased 

afterload and an increased heart rate decrease ejection fraction by decreasing stroke 

volume and filling time respectively. Increased preload results in an increased ejection 

fraction via the Starling Law mechanism. In a TNFa challenged canine model, the 

decrease in ejection fraction was not accounted for by changes in afterload, heart rate, or 

preload 22. in V U T o studies of cardiac myocytes have also shown the cardiac depressant 

effect of TNFa, IL-2, and IL-6 mediated by nitric oxide (NO) 23-25 This finding is 

consistent with nitric oxide being a downstream respondent of TNFa. These studies 

stress the importance of TNFa, IL-1, and NO to trigger directly or indirectly myocardial 

dysfunction. 

Myocyte contractility is shown in Figure 1. Two main requirements for cardiac myocyte 

contraction are ATP and calcium. Calcium regulation is controlled at multiple levels. 
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Calcium levels in the cytosol increase during systole as the result of extracting calcium 

from outside the cell via the L-type channel and release of calcium from the sarcoplasmic 

reticulum via the ryanodine receptor. To deplete the cytosol calcium concentration 

during diastole, calcium is extruded from the cell by the Na +-Ca 2 + exchange and by re­

uptake by the sarcoplasmic reticulum. Calcium regulation is affected by sepsis 26-28 

Calcium transport via the sarcoemmal vesicles is decreased during sepsis and the number 

of ryanodine receptors is less 26,28 m us not providing the calcium concentration 

necessary for full contraction. The Na +-Ca 2 + exchanger is less efficient making depletion 

of calcium from the cytosol during diastole difficult thereby not allowing full relaxation 

of the cardiac myocyte 27. This disruption in calcium regulation results in a less dynamic 

change in calcium levels between systole and diastole thereby decreasing myocyte 

contraction. Two of the proposed CMDF, TNFa and nitric oxide, are known to interfere 

with calcium regulation. TNFa is thought to interfere with calcium regulation by 

inhibiting the calcium flux through the L-type channel, decreasing myofilament 

responsiveness to calcium, and by affecting cAMP production 29 (Figure 1). Nitric oxide 

stimulates production of guanylate cyclase which reduces intracellular calcium and 

thereby decreases myocyte contractility 30,31 Thus, part of the mechanism whereby 

TNFa and nitric oxide depress cardiac contractility is by interfering with the necessary 

calcium regulation. TNFa and NO may also cause cardiac dysfunction by other means. 

Therapeutic interventions have not been successful (see above), suggesting that unknown 

pathways and mechanisms of cardiac dysfunction have become activated prior to 

therapeutic intervention. Hence, the importance of determining downstream respondents 

of known CMDF. One such pathway may be the induction of apoptosis. 
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1.3 General features of Apoptosis 

Characteristics Unique to Apoptois 

Until the 1970's necrosis was the only one form of cell death known 32. in 1972 Kerr 

and colleagues identified an alternative mechanisms of cell death which was named 

apoptosis based on the Greek word for "falling off 33. Necrosis occurs when a cell dies 

by "accident" 32 as the result of a powerful insult such as ischemia, bacterial or viral 

infection, or lack of ATP production. Cells undergoing necrosis swell resulting in a loss 

of membrane integrity and the release of their cytosolic contents. Leakage of these 

internal contents causes neighboring cells to also die by necrosis and activate the immune 

system 34. Apoptosis, otherwise known as programmed cell death, is the result of cell 

suicide 32,34 j n e function of apoptosis is to remove unwanted cells, to counterbalance 

cell proliferation, and to help develop organ architecture. Every day examples of 

apoptosis include remodeling during fetal development and removal and clearance of 

aged leukocytes and normal sloughing of epithelial cells. Cells undergoing apoptosis 

present distinct and unique morphological features when the process is almost complete, 

which will be referred to as end-stage apoptosis. These characteristics include chromatin 

condensation resulting in the nucleus looking like a "half-moon", as well the cell shrinks 

in size, and the membrane blebs (seen only in vitro) 34. Another hallmark of apoptosis is 

that the DNA of the cell becomes cleaved at 180- 200 base pair intervals which appears 

as a "ladder" when electrophoresed on an agarose gel 34. Apoptotic cells do not activate 

the immune system, instead they are engulfed by phagocytic cells including 

macrophages/monocytes and by other nearby non-phagocytic cells such as vascular 

smooth muscle cells. It is believed that these phagocytic cells recognize a cell as being 
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apoptotic if there is an increase in the number of phosphatidylserine residues expressed 

on the cell's outer membrane 34. The entire apoptotic process can occur within hours 3 

Caspase/Bcl-2 Family 

These morphometric markers of apoptosis are preceded by a number of conserved 

pathways. Some of these pathways are presented in Figure 2. Two main protein 

families, the caspases and the Bcl-2 family, have been shown to play an important role in 

determining the induction of apoptosis in a variety of cell types under a variety of 

conditions 32. Members of the caspase family contain a prodomain and an enzymatic 

domain 32. Caspases are present as an inert protein in the cell's cytosol until its 

enzymatic region is cleaved into a small and large subunit 32. The active caspase is 

composed of the 2 small and the 2 large subunits 32. Caspases cleave behind an aspartate 

residue, which also happens to be their own cleavage site. Thus caspases can activate 

other caspases. Caspases are considered to be "effector machinery" of apoptosis 32. 

Caspases have the ability to cleave nuclear proteins (laminin, PARP), regulatory proteins 

(DNA fragmentation factor, MEKK1), and cytoskeletal proteins (actin, gelsolin) 32. 

Caspase 3 can be activated by multiple apoptotic pathways including those of caspase 

origin, making it a junction point and an indicator of apoptotic activation. However, end-

stage apoptosis can occur without activation of caspase 3. The role of the Bcl-2 family in 

apoptosis is regulatory 32. The Bcl-2 family includes both anti-apoptotic (Bcl-2, Bcl-xL, 

Mcl-1) and pro-apoptotic (Bax, Bad, Bid, Bcl-xs) proteins. Many Bcl-2 family 

members, except Bad and Bid, contain a transmembrane domain enabling them to 

localize to the outer mitochondrial and nuclear membranes and to the endoplasmic 
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reticulum 32,36 Bcl-2 and Bax are the most studied proteins within the family. Bcl-2 

residing on the mitochondria membrane prevents the release of cytochrome C, an event 

that can trigger caspase-3 activation. Bcl-2's role as an anti-apoptotic protein is 

countered by the pro-apoptotic Bcl-2 family members, especially Bax. Bcl-2 and Bax 

can form a heterodimer while Bcl-2 can form a homodimer 32,36 The protein ratio of 

Bcl-2 to Bax has been shown as an important indicator of cell fate. A decrease in Bcl-2 

is commonly accompanied by a rise in Bax in cells that ultimately progress to end-stage 

apoptosis 37,38 Bcl-2 also exerts its pro-survival effect in the cardiac myocyte by 

activating an unidentified kinase(s) which is capable of phosphorylating M B causing the 

release of N F - K B 39. Bcl-2 increases mitochondrial buffering capacity of calcium and 

may regulate the pH of the intermembrane space 40. 

Bax resides in the cytosol until a death signal is received at which time the trans­

membrane portion is exposed by inhibiting the actions of the amino terminal, allowing 

translocation to the mitochondria 41. Bax cytotoxicity is thought to be pH and voltage 

dependent 40. The Bax gene can be transcriptionally regulated by the pro-apoptotic 

protein p53, which itself is activated in the presence of cleaved DNA 42. Bax mRNA can 

be downregulated by IL-6 42. As one may have guessed from the location of the Bcl-2 

family within the cell and its ability to promote or prevent release of other proteins from 

the mitochondria, the Bcl-2 family helps regulate the involvement of the mitochondria in 

the apoptotic process. 



Mitochondria Involvement in Apoptosis 

Mitochondria are frequently involved in the apoptosis process 40,43-45 As indicated in 

Figure 3, mitochondria have the ability to release multiple proteins including cytochrome 

C, apoptosis inducing factor (AIF), caspase 2, pro-caspase 9, and DNase. Release of 

cytochrome C and apoptosis inducing factor ensure activation of the apoptotic pathway. 

Cytochrome C normally functions within the mitochondria as an electron chaperon 

between complex III (ubiquinol) and complex IV (cytochrome oxidase) 43. Release of 

cytochrome C into the cytosol occurs with or without permeability transition pore (PT) 

opening and with or without a decreased mitochondria transmembrane electrical 

potential, A^m 45,46 Once in the cytosol, cytochrome C can interact with dATP/ATP, 

pro-caspase 9, and APAF-1 to activate caspase 9. AIF can also be released through the 

PT pore of the mitochondria causing volume dysregulation which can result in apoptosis 

40. AIF and cytochrome C can induce release of each other thereby providing an overlap 

in apoptotic signaling 43. The PT pore can be activated by caspases, oxidants, calcium 

( » 1 0 uM), low ATP levels, reduced A^m, ROI, nitric oxide, and by Bax 40,43-45,47 

The PT pore connects the inner and outer membranes of the mitochondria and 

participates in regulating matrix calcium, pH, A^Fm, and volume 45. Thus, mitochondria 

can be involved in inducing apoptosis. 

1.4 Apoptosis and its Relation to Sepsis including Myocardial Dysfunction 

Apoptosis is accelerated in some cells and delayed in others during sepsis. Accelerated 

apoptosis occurs in mucosal B-cells 48? lymphocytes 49,50? macrophages 51,52, 
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thymocytes 53? hepatocytes 54,55̂  mfi splenocytes 50,54 pMN apoptosis on the other 

hand appears to be delayed during sepsis 56,57 

The only report addressing heart apoptosis is from Hotchkiss and colleagues 58. 

Apoptosis was found to be less than 1% and therefore was not investigated any further. 

The fraction of apoptotic cells within a healthy heart is reported to be -0.001%. Thus, 

concluding that apoptosis does not increase in the septic heart with an apoptotic rate of 

less than 1% may not be correct. Thus the ability of cardiac myocytes to undergo 

apoptosis has not been fully investigated. Cardiac myocytes are unlike the above cell 

types in that they represent a terminally differentiated cell, and as such, apoptosis is 

uncommon because replacement is impossible. However, cardiac myocyte apoptosis has 

been documented during development as well as in disease states such as myocardial 

infarction, congestive heart failure, and ischemia reperfusion 59-62 Cardiac myocyte 

apoptosis has been causally linked with age associated heart dysfunction 63} and occurs 

in failing but not in non-failing ventricles of spontaneously hypertensive rats 64. Thus, 

apoptotic pathways can be activated in cardiomyocytes under specific conditions. 

Conceivably apoptosis could occur during sepsis and inflammatory mediators could 

contribute. For example, TNFa has the ability to activate apoptotic pathways in many 

cell lines via TNF receptor type 1 (figure 2). TNF receptor type 1 is expressed on cardiac 

myocytes 32. Indeed, TNFa induces apoptosis in cardiac myocytes in vitro 65. More 

recently, LPS challenged cardiac myocytes has been shown to induce apoptosis of these 

cells via myocyte induced TNFa release 66. i n addition, cytokine-stimulation of iNOS 
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resulting in nitric oxide production by the myocyte itself, by endothelial cells, and by 

leukocytes sequestered within the heart 67,68 m a v a i s o contribute to apoptosis 69,70 

Thus, a number of mediators of sepsis could activate apoptotic pathways in the heart, 

although this has not been demonstrated in vivo. 

1.5 Hypothesis 

We hypothesize that during sepsis, apoptotic and survival pathways are activated in the 

heart and specifically within the cardiac myocyte. We further postulate that activation of 

these apoptotic pathways will be countered by regulatory pro-survival pathways resulting 

in minimum end-stage apoptosis. We also hypothesize that activation, but not 

completion of apoptotic pathways, may occur and that mitochondrial involvement in 

apoptotic pathways may contribute to the myocardial dysfunction present during sepsis 

(Figure 3). 

1.6 Experimental Approach 

Accordingly we propose to test this hypotheses by investigating apoptotic and survival 

pathways in the heart of an acute lipopolysacharide (LPS) model of sepsis in male rats 

(Figure 4). Furthermore, the time course of activation of these apoptotic and survival 

pathways in the heart will be determined. Activation of pathways in this thesis refers to 

any change in mRNA, protein, or functional levels that occur as the result of endotoxin 

injection. We chose this terminology to reflect that the pathway is being activated upon 

whether in a positive or negative way. We have chosen to investigate the early pro-

apoptotic protein, Bax; the early pro-survival protein, Bcl-2; and their downstream 
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effectors cytochrome C and caspase 3. Bax, Bcl-2, and caspase 3 will be investigated by 

measuring relative levels of their mRNA and protein expression. Cytochrome C will be 

investigated for its translocation from the mitochondria to the cytosol indicative pf 

apoptosis. Caspase 3 enzymatic activity will also be measured. As well end-stage 

apoptosis will be investigated by TUNEL. 

Part 2 of the study focuses on the connection between activation of apoptotic pathways 

and their role on myocardial dysfunction. To investigate this correlation, adult cardiac 

myocytes from healthy male Sprague Dawley rats will be isolated and cultured (Figure 

5). The cultured myocytes will be treated with a variety of agents reported to cause end-

stage apoptosis within 24 hours. These include TNFa, IL-ip, sphingosine, staurosporine, 

camptothecin, and Fas. After 24 hours of treatment the condition of the myocytes will be 

determined. Morphology, TUNEL, and fractional shortening will be performed to 

determine the status of the cell both with regards to survival as well as function. Once an 

end-stage apoptotic cardiac myocyte population can be established, the pathways 

involved and their timing will be investigated. The apoptotic pathways to be investigated 

include those studied in the in vivo study (Bax/Bcl-2, cytochrome C release, and caspase 

3) plus additional analysis involving mitochondria membrane potential. Inhibitors 

(Figure 3) will then be used to block one or more of the activated apoptotic pathways to 

determine the effect on cardiac function, as measured by fractional shortening. 
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Figure 1: Mechanism of myocyte contractility. The Pi receptor can be stimulated 
causing activation of cAMP followed by PKA activation. PKA increases myocyte 
contractility by opening the L-type channel thereby increasing calcium induced 
calcium release (CICR), by increasing the re-uptake of calcium by the sarcoplasmic 
reticulum, and by phosphorylating myosin to increase the rate of crossbridge cycling. 
PKC has similar functions to that of PKA but is not activated by cAMP. Nitric oxide 
has the opposite function and therefore decreases myocyte contractility. Nitric oxide 
exerts its effect by decreasing the time the L-type channel is opened thereby decreasing 
CICR. 13 
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Figure 2. A schematic diagram representing potential apoptotic pathways activated 
in the LPS-exposed heart. The diagram is a modification of that presented by Granville 
and colleagues. 
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EARLY APOPTOTIC PATHWAYS 
Proteins which bind surface receptors or reside 

the membrane and cause activation of downstream 
apoptotic pathways (ex. FADD, Sphingosine) 
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Figure 3. A schematic diagram of the hypothetical relationship between apoptosis and 
myocardial dysfunction. 
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Figure 4. Experimental design for analyzing apoptosis in a LPS-Treated rat model. 
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Figure 5. Experimental Design for Establishing an in vitro apoptotic cardiac myocyte 
population 



CHAPTER 2: METHODS 

2.1 Septic Rat Model 

These experiments conform to NIH guidelines for the care and handling of animals and 

were approved by the University of British Columbia Animal Ethics Board. 250g - 350g 

male Sprague Dawley rats were given an intraperitoneal injection of 1 mL PBS or 4 

mg/kg of LPS diluted in 1 mL PBS. Rats were sacrificed at multiple time points up to 24 

hours post injection. Hearts were rapidly excised, cross-sectioned into 3-4 mm thick 

slices that included both right and left ventricle, and subsequently frozen in liquid 

nitrogen or fixed with 10% formalin. Frozen samples were stored at -80°C until needed 

and the fixed samples were paraffin embedded. 

2.2 RNA Isolation 

RNA was extracted from one section of each rat heart using phenol/chloroform. Briefly, 

the heart section was homogenized in RNase free nucleic acid extraction buffer and then 

phenol extraction buffer was added. RNA was isolated from this solution by a series of 

acid phenol xhloroform extractions. Finally the RNA was precipitated and resuspended 

in RNase-free water. Quantification of the RNA was performed using spectroscopy. 

RNA concentration in solution was then adjusted to 2.5 ug/uL. 
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2.3 RT-PCR 

Five pg of RNA was reverse transcribed using 6 units of Superscript II reverse 

transcriptase (Gibco J3RL, Burlington Canada), 12.5 ng/uL oligo [dT]i2-i8 (Gibco BRL), 

and 500 uM of each dNTP (Gibco BRL), in a solution of 1 U RNasin (Promega, Madison 

WI), 5 uM DTT (Gibco BRL), and IX buffer (50 mM Tris-HCl, pH 8.3; 75 mM KCI, 3 

mM MgCb) in a total volume of 20 uL. The reaction was carried out at 37°C for 60 

minutes followed by 95°C for 20 minutes in order to heat inactivate the reverse 

transcriptase. 

Primers for Bax are 5' CCG AGA GGT CTT CTT CCG TGT G 3' and 5' GCC TCA 

GCC CAT CTT CTT CCA 3'; for Bcl-2 are 5'CAA GCC GGG AGA ACA GGG TA 3' 

and 5'CCC ACC GAA CTC AAA GAA GGC 3. Caspase 3 primers are 5' GGT ACC 

GAT GTC GAT GCA GCT 3' and 5' GGG TGC GGA AGA GTA AGC ATA 3'. PCR 

primers for GAPDH were taken from the literature and are 5' CCC ATC ACC ATC TTC 

CAG 3' and 5' ATG ACC TTG CCC ACA GCC 3' 7 1 . Reverse transcribed RNA (0.5 pg 

in 2 uL) was then mixed with 1 X PCR buffer (20 mM Tris-HCl, pH 8.4; 50 mM KCI); 

1.0, 2.0, or 2.5 mM MgCl2 for amplification of Bax, Bcl-2, or caspase 3 respectively; 20 

uM of each dNTP, 20 ng/pL of each primer set or 2.5 pM of each GAPDH primer, and 1 

U Taq DNA polymerase (Gibco BRL) in a 20 uL reaction volume. The positive control 

consisted of rat lung cDNA. The negative control consisted of the PCR reaction mixture 

with no template added. GAPDH amplification was carried out with each gene of 

interest with its corresponding MgCl2 concentration and specific thermal cycle program. 

PCR mixtures used the following conditions for Bax amplification: 38 cycles of 95°C for 
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30 seconds, 57.0°C for 40 seconds, 72°C for 25 seconds followed by one cycle of 72°C 

for 6 minutes. The PCR thermal cycle conditions for Bcl-2 and caspase 3 were identical 

to Bax with the following changes: the annealing temperature was respectively 61.2°C or 

55.6 °C for 45 seconds, and the extension was for 30 seconds. PCR conditions were 

confirmed to be within the linear range for the respective cDNA amplification. PCR 

products were identified by electrophoresing 10 pL of the PCR mixture on a 2% agarose 

gel in TAE containing 0.2 pg of ethidium bromide per mL of gel. The resulting image 

was captured and densitometry performed using Eagle Eye™ (Stratagene, La Jolla CA). 

Densitometry results for the gene of interest were compared with corresponding GAPDH 

levels to account for loading differences. LPS did not alter GAPDH mRNA expression. 

2.4 Protein Isolation 

One frozen section from each rat heart was homogenized in ice-cold lysis buffer at a 

concentration of 0.5 g tissue/mL of lysis buffer. The homogenized sample was gently 

rotated for 30 minutes and subsequently sonicated and centrifuged at 10,000 g for 10 

minutes with all steps being carried out at 4°C or on ice. The supernatant was collected 

and stored at -80°C. 50 pg of protein lysate was prepared in loading buffer (62.5 mM 

Tris-HCl pH 6.8, 10% (v/v) glycerol, 2% (w/v) SDS, 10% (v/v) 2-mercaptoethanol, 

0.05% (w/v) bromophenol blue) and heated at 95°C for 4 minutes for SDS-PAGE 

analysis. Samples intended for COX analysis were heat at 40°C for 2 hours in the 

loading buffer to prevent COX protein aggregation. 
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2.5 Isolation of Bcl-2 

Bcl-2 protein was found to bind agarose Protein A beads. Therefore, Bcl-2 was isolated 

from the protein lysate, by incubating two mg of heart protein with 50 pL of agarose 

Protein A beads overnight at 4°C. The supernatant was removed and the beads with its 

bound protein (including Bcl-2) were resuspended in 250 uL of loading buffer and heated 

as above to release the protein from the bead and obtain the protein in its primary 

structure. 

2.6 Protein Analysis 

50 pg of protein heart lysate, 50 pL of isolated Bcl-2, or 7 pg of cardiac myocyte lysate 

(see below) was loaded on a 15% SDS-PAGE gel. Samples were electrophoresed at 

200V for 1 hour. Proteins within the gel were then transferred to nitrocellulose using a 

wet transfer. Transfer buffer consisted of 192 mM glycine, 25 mM Tris, and 20% 

methanol. Membranes were then washed, dried, and kept at room temperature until 

needed. Upon probing, membranes were rehydrated in distilled H2O for 5 minutes. 

Membranes were blocked with PBS pH 7.5 (TBS for Bcl-2) + 5% dry milk powder at 

room temperature with shaking for 1 hour. Primary antibody was then added at the 

determined concentration prepared in blocking solution and added for 1 hour. A rabbit 

anti-rat antibody was used for Bax (Oncogene, Cambridge MA) and caspase 3 (UBI Lake 

Placid NY) at 5 pg/mL and 1/2000 dilution. For Bcl-2 and cytochrome C a monoclonal 

mouse anti-rat antibody was used at 1 pg/mL (Transduction Laboratories, Lexington KY) 

and at 0.5 pg/mL (Pharmingen, Mississauga Canada) respectively. Cytochrome oxidase 

subunit I (COX) involved an overnight incubation at 4°C with an antibody concentration 
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of 0.5 pg/mL (Molecular Probes, OR). Next, the membrane was washed with PBS + 

0.1% Tween-20 for three 5 minute washes and one 15 minute wash. Secondary antibody 

was then added. This was either HRP-goat anti rabbit IgG (0.67 pg/mL, UBI) or 

biotinylated horse anti-mouse IgG, rat absorbed (2 pg/mL, Vector Laboratories, CA). 

Incubation of the secondary antibody was 30 minutes (rabbit) or 60 minutes (horse). The 

membrane was then washed as above. Membranes probed with horse anti-mouse were 

incubated with 0.2 pg/mL strepavidin-HRP for 30 minutes at room temperature. Blots 

were developed using ECL (Amersham, England) following manufacturer's instructions. 

Membranes were exposed to Hyperfilm™ ECL™ film (Amersham, England) and 

developed. Reprobed blots were stripped to remove bound antibody according to 

manufacture's instructions (Amersham). Detection of GAPDH was performed using a 

mouse monoclonal antibody (RDI, USA) at 0.01 pg/mL for 60 minutes at room 

temperature followed by the above detection system for a mouse primary. Actin was 

detected using the IgM clone 5C5 (Sigma) at 1/4000 dilution for 60 minutes at room 

temperature. A biotinylated anti-mouse IgM secondary (Vector Laboratories) at 2 pg/mL 

was used followed by strepavidin/HRP and ECL. 

2.7 Caspase 3 Activity Assay 

Caspase 3 activity was evaluated by measuring relative DEVDase cleavage activity. This 

assay also detects caspase 7 activity. Total-heart cell lysates (20 pL) were incubated with 

caspase-specific fluorescent substrate as described 72, Briefly, lysates were incubated 

with lysis buffer, without the protease inhibitors, containing 100 pM of the caspase 

substrate Ac-DEVD-AMC (Calbiochem, Cambridge, MA). The reaction mixture was 
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incubated at 37°C for 2 hours and fluorescence was measured using an excitation at 380 

nm and an emission wavelength of 460 nm with a CytoFluor™2350 fluorescent 

measuring system (Perseptive Biosystems, Burlington, Ont). Background fluorescence 

was determined using an equal volume of the protein lysis buffer mixed with the above 

peptide. 

2.8 TUNEL Staining 

TUNEL was carried out using TdT-FragEL™ DNA Fragmentation Detection Kit 

(Oncogene, Cambridge MA). Control cells consisted of the positive and negative 

controls provided with the kit. An additional positive and negative control was heart 

tissue treated with 0.1 mg/mL DNase and heart tissue incubated without Tdt respectively. 

TUNEL staining was performed according to manufacture instructions. The degree of 

apoptosis was determined by a single blinded observer. 

2.9 Isolation of Cardiac Myocytes 

In separate experiments we measured fractional shortening of cardiac myocytes isolated 

from rats at multiple time points following LPS or PBS injection. Myocytes isolated 

from healthy, non-injected rats were used for the in vitro studies. Myocytes were isolated 

by collagenase digestion as previously described 24. Briefly, the heart was removed and 

washed twice in ice-cold MEM (minimal essential medium, Gibco BRL, Grand Island, 

NY). Within two minutes, the heart was hung by its aorta on a modified Langendorff 

apparatus. The heart then was perfused with 37°C oxygenated MEM to remove the 

remaining blood from the coronary circulation followed by perfusion with new re-
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circulating MEM supplemented with 25 pM calcium and 1 mg/mL of 230 U/g 

collagenase (type 2, Worthington Biochemical, Freehold, NJ). 10 to 15 minutes into the 

digestion the calcium concentration of the perfusate was increased stepwise to 50 pM, 

followed by a further increase to 100 pM 5 minutes later. Hearts were digested within 

25-35 minutes as indicated by a "soft" heart. The ventricles from the soft heart were 

removed and gently teased apart. The teased tissue was then returned to the 37°C 

oxygenated MEM for a further 3 minutes. To separate individual myocytes from any 

undigested tissue the cell suspension was filtered through a 210 pm nylon mesh. The 

filtrate was then centrifuged at 500 rpm for 4 minutes followed by re-suspension of the 

cells in MEM containing 200 pM calcium. Removal of non-myocytes was achieved by 

gravity separation (myocytes pellet first due to their large size). The collected myocyte 

pellet, consisting of >99% cardiac myocytes, was re-suspended in MEM + 500 pM 

calcium. Myocytes collected for the in vitro study were subject to two more gravity 

separation (MEM + 500 pM calcium, MEM + 1000 pM calcium) to remove most of the 

dead cells from the population. Myocytes for the in vitro study were resuspended in 

Ml99 (Gibco BRL, Canada) + 1% BSA. Cell concentration and % viable cells was 

counted using a hemocytometer. 

2.10 In Vitro Challenge of Isolated Cardiac Myocytes 

Myocytes in M199 + 1% BSA were plated in 24 well laminin coated plates at a density of 

20 000 cells/well. Cells were re-fed at 90 minutes with Ml99 + 1% BSA and allowed to 

rest overnight. Sixteen to 18 hours after initial plating the myocytes were challenged 

with one or more agents diluted in Ml99 + 1% BSA. N in these experiments referred to 
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the number of separate wells in which the agent was tested. TNFa was tested at 5-200 

ng/mL, IL-ip at 5-10 ng/mL, combinations of TNFa and IL-ip, staurosporine at 1-2 pM, 

sphingosine at 1 pM and 10 pM, and camptothecin (Sigma) at 10-100 pM. All 

challenges were carried out for 24 hours at 37°C and 5% CO2. Fifteen minutes prior to 

the 24 hour time point, cells were trypsinized with 0.07% trypsin (30 pL of 2.5% was 

added to the 1 mL of existing media) and returned to the incubator. Total cell population 

including those that were initially bound and those unbound were collected. Cells were 

then divided into one or more groups for analysis including fractional shortening, 

morphology, and TUNEL. Cells designated for TUNEL analysis were fixed in 4% 

formaldehyde for 15 minutes at room temperature followed by permablization with 80% 

ethanol. These cells were then cytospun at 1200 rpm for 4 minutes and stored at 4°C. 

While cell isolation and culture was successful, as will be seen below, we were not 

successful in inducing apoptosis consistently. Thus, we were not successful in using the 

rat cardiac myocyte model to perform the pre-planned inhibition and mitochondria 

membrane potential studies. 

2.11 Measurement of Cardiac Myocyte Contractile Function 

Myocyte contractile function was measured as previously described 24. Briefly, 

myocytes 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. Specifically designed platinum 

electrodes were lowered into each well in the 96 well plate and the cardiac myocytes 
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were electrically stimulated (Grass S48 stimulator, W. Warwick, Rl, 45 volts, 2.2 ms 

duration, 25Q resistance) while being recorded by videomicroscopy (Sony SLV-760HF). 

Still frames of systolic and diastolic myocytes were captured for computer analysis from 

the video recording. Fractional shortening was calculated as: 

% fractional shortening = diastolic length - systolic length 

diastolic length 

2.12 Morphology Analysis of In Vitro Challenged Cardiac Myocytes 

To determine whether the cardiac myocytes was viable, dead, or apoptotic, cells were 

stained with acridine orange and ethidium bromide. Cardiac myocytes were incubated on 

ice for 2 minutes in the presence of 10 pg/mL of both acridine orange and ethidium 

bromide. Cells were then viewed using a fluorescent microscope with a FITC filter. 

Images were captured with the SPOT camera and stored digitally. Nuclei of viable cells 

will stain green, dead cells will stain red. Nuclei of apoptotic cells will still stain green 

but appear denser due to the chromatin clumping within the nuclei. 

2.13 Cell Fractionation 

Freshly isolated cardiac myocytes were resuspend in ice-cold cell fractionation buffer (20 

mM HEPES pH 7.4, 10 mM KC1, 1 mM EDTA, 1 mM EGTA, 1.5 mM MgCl2, 250 mM 

sucrose, 1 mM PMSF, 1 U/mL aprotinin) followed by cell disruption with a dounce and 

10 strokes with pestle B. Cells were kept at 4°C or on ice during the entire procedure. 

Cells were centrifuged at 800 X g for 10 minutes (nucleus), followed by centrifugation of 
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the supernatant at 10 000 X g for 15 minutes (mitochondria), and then again at 100 000 X 

g for 1 hour (supernatant = cytosol). Both the nuclear and mitochondria fractions were 

resuspend in ice-cold lysis buffer (20 mM Tris-HCl pH 8.0, 137 mM NaCI, 1% NP-40, 

10% glycerol, ImM PMSF, and 0.15 U/mL Aprotinin). 

2.14 Statistical Analysis 

We tested for differences over time compared to control using an analysis of variance. 

When a significant difference was found (p<0.05) we identified specific differences using 

Student t-tests corrected for multiple comparisons using a sequentially rejective 

Bonferonni test procedure. 
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CHAPTER 3: RESULTS 

3.1 In Vivo Model 

Bax mRNA levels increased following LPS injection relative to control (Figure 6A). Bax 

mRNA expression was maximum at 24 hours post LPS injection and was significantly 

greater than the control group (p<0.05). Bax protein was expressed by the heart in all 

groups (Figure 6B). Bax protein expression decreased significantly from control baseline 

to 6 hours. At 12 hours, Bax protein expression continually increased above that at 6 

hours resulting in a return to control values by 24 hours. Thus, regulation and expression 

of this early pro-apoptotic protein is altered in the heart by LPS injection. 

LPS produced a different mRNA profile for Bcl-2 compared with Bax (Figure 7A). 

Heart Bcl-2 mRNA levels increased at 6 hours post LPS injection compared with controls 

(p<0.05) and then returned to control levels by 24 hours. Bcl-2 protein showed a similar 

pattern to Bax (Figure 7B). Bcl-2 protein levels decreased substantially by 6 hours post 

LPS injection and then returned to baseline from the 6 hour time point to the 24 hour time 

point. Thus, regulation and expression of this early pro-survival pathway protein is 

altered in the heart by LPS injection. 

While both Bax and Bcl-2 mRNA and protein changed in the heart following LPS 

injection, the pattern of expression is neither clearly pro-apoptotic nor pro-survival 

(Figure 8). Therefore, to determine if further pro-apoptotic signaling was triggered we 

first tested for cytochrome C release from the mitochondria. Cytochrome C was 

measured in the mitochondria and cytosol fractions of control and LPS treated rats at 6, 
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12, and 24 hours post injection. To ensure no contamination between the mitochondria 

and the cytosol fraction, the mitochondrial specific protein COX was measured (Figure 

9). Only the mitochondrial fraction contained the COX protein, indicating no 

contamination. A pilot study of 2 rats per time point was tested to determine which time 

point cytochrome C was being released (Figure 9A). The pilot study indicated that 

cytochrome C was potentially being released at two potential time points, 6 hours and 24 

hours. The 6 hour time point was chosen for further analysis based on this time point 

representing the maximum depressed cardiac function and the maximum change in Bax 

and Bcl-2 protein levels. Controlling for any protein loss and differences in protein 

loading on the gel, GAPDH and sarcomeric actin, two housekeeping proteins were also 

investigated. Cytochrome C levels were significantly lower in the mitochondrial fraction 

of the 6 hour LPS treated group compared with control (p<0.05) (Figure 9B) indicating 

loss of mitochondria cytochrome C in the LPS group. The ratio of cytochrome C in the 

mitochondria compared to the cytosol was unchanged between control and the LPS group 

(Figure 9C). 

To determine whether these changes in early apoptotic (Bax) and survival pathways (Bcl-

2) were associated with activation of later steps leading to apoptosis, we investigated 

caspase 3 in the whole heart. Caspase 3 mRNA levels were unchanged throughout the 

experiment (Figure 1 OA), consistent with reports that caspase 3 is constitutively 

expressed 73,74 Caspase 3 protein analyzed by western blot identified the proform (32 

KDa) but not the active fragment (17 KDa) at any time point (Figure 10B). Levels of the 

proform were unchanged during the 24 hour time period. Following LPS treatment 
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caspase 3 activity, as measured by cleavage of DEVD, continuously increased with 

maximum levels of 1000 fold greater (p<0.05) than that produced by the control group at 

24 hours (Figure 10C). 

To determine whether this degree of caspase 3 activation led to end-stage apoptosis or 

whether survival pathways limited this progression we quantified TUNEL staining within 

the heart. Using TUNEL, no positive staining was seen in the viable control cells 

(provided with the kit) or in control heart tissue. Apoptotic cells within the LPS treated 

hearts were seen at all time points (Table 1, Figure 11). These apoptotic cells were seen 

as single cells and were present in both ventricles. A significant increase in TUNEL 

staining was observed at 24 hours post LPS injection compared with all other groups 

(p<0.05) (Table 1). However, the fraction of apoptotic cells observed here was small. 

Fractional shortening for cardiac myocytes isolated from control rats was 19.6% + 0.6%. 

Fractional shortening decreased to 13.8% ± 0.5% 6 hours after LPS injection (p<0.05 

compared to control), indicative of myocardial dysfunction. Myocardial function then 

improved towards the control value so that fractional shortening was 16.7% ± 0.67% at 

12 hours after LPS and did not increase further by 24 hours after LPS (15.8% ± 0.7%) 

(p<0.05 compared with control)(Figure 12). 
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3.2 In Vitro Model 

Cardiac myocytes were challenged with a variety of agents for 24 hours (Figure 13, Table 

2). TNFa showed a trend of increasing apoptosis with increasing dosage as determined 

by the TUNEL assay (p= 0.24). Morphology analysis was inconclusive thereby not 

providing additional support (Figure 14). Both control and treated groups showed 

multinucleated myocytes. Myocytes were identified as dead if they contained an orange 

stained nuclei caused by the uptake of the ethidium bromide. Viable myocytes contained 

nuclei that were stained green. There also existed bright green nuclei that may have been 

the result of condensed chromatin, characteristic of apoptosis, but this additional 

characterization was not confirmed with the maximum magnification. Hence the 

identification of an apoptotic cell by this method at this magnification proved impossible. 

This same range of TNFa did not produce any cardiac depressant effect as measured by 

fractional shortening. 

Challenge of cardiac myocytes with IL-ip, IL-ip and TNFa, sphingosine, staurosporine, 

Fas, or camptothecin did not result in a significant increase in apoptosis (Table 2). 

Cardiac myoycte function as measured by fractional shortening was either inconclusive 

or unchanged by any of these agents. Within any population a certain percentage will 

have a small contraction. Thus, to properly determine the effect of these agents on 

cardiac function, fractional shortening of many more myocytes needs to be measured. 
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Figure 6. Effect of LPS on heart Bax mRNA and protein levels. A) Graphical 
representation of Bax RT-PCR results based on densitometry analysis relative to their 
respective GAPDH densitometry. Results are normalized to control samples. B) 
Graphical representation of Bax western blot based on densitometry anlaysis. Results 
are normalized to control. *p<0.05 compared with control. Results are expressed as 
mean ± SE. 
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Figure 7. Effect of LPS on heart Bcl-2 mRNA and protein levels. A) Graphical 
representation of Bcl-2 RT-PCR results based on densitometry analysis relative 
to their respective GAPDH densitometry. Results are normalized to control samples. 
B) Graphical representation of Bcl-2 western blot based on densitometry anlaysis. 
Results are normalized to control. *p<0.05 compared with control. Results are 
expressed as mean ± SE. 
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Figure 8. Effect of LPS on heart Bax/Bcl-2 protein ratio. Graphical representation of Bax western blot 
densitometry results compared with the corresponding Bcl-2 western blot densitometry results. Results 
are normalized to control. Results are expressed as median ± SE. 
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Figure 10. Effect of LPS on heart caspase 3. A) Graphical representation of RT-PCR 
results based on densitometry analysis relative to their respective GAPDH densitometry. 
Results are normalized to control samples. B) Graphical representation of pro-caspase 3 
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Graphical representation of fluorescent intensity as derived from DEVD cleavage. *p<0.05 
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A 

Figure 11: In situ labelling of heart DNA fragmentation. TUNEL labeled fragmented 
DNA brown. Tissue sections were counterstained with methylene blue producing a 
green nucleus. A) control, B) DNase treated (0.1 mg/mL), C) 24 hour LPS. Bar 
represents 50 um. 37 
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Figure 12. Effects of LPS on cardiac myocyte contractility. Graphical representation 
of % fractional shortening as derived from (diastolic - systolic length)/diastolic length. 
*<0.05 compared with control. ** p<0.05 compared with control and 6 hour LPS. N=30-35 
myocytes/animal with 2 animal/group. Results are expressed as mean ± SE. 
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Figure 13. In vitro effect of TNFa on cultured cardiac myocytes. A) 24 hour 
TNFa influence on adult cardiac myocyte function as determined by % 
fractional shortening. B) 24 hour TNFa influence on adult cardiac myocyte 
apoptosis. N=2-3 where N implies the number of wells. Results expressed as 
mean ± SE. 



Figure 14. TNFa effect on the survival of adult cardiac myocytes after 24 hour 
exposure. Cardiac myocytes are stained with acridine orange and ethidium bromide. 
Viable cells stain green. Early-stage apoptotic cells stain green but with greater 
intensity than control cells and they present themselves with a smaller nuclei. Late-
stage apoptotic and necrotic cells stain red. Magnification 400X. 
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Time Post LPS Injection Number of TUNEL positive cells per cross section of heart 

<4 hr 2.3+1.0 

8hr 2.7 ± 1.2 

12 hr 4.3 ±3.8 

24 hr 10.3 ±4.7* 

Table 1: TUNEL results of LPS treated hearts. Numbers represent mean ± SE. * 

p<0.05. 
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Treatment Group 
(24 hours) 

% TUNEL % Fractional Shortening 

Control 3 ± 1.2 (N=5) 14.5 +2.4 (N=8) 

IL-lp 5 ng/mL 12 (N=l) 6.3 (N=l) 

IL-lp lOng/mL 8.5 + 2.5 (N=2) 17.4 ± 1.8 (N=2) 

TNFa/IL-1 p 
1/1 ng/mL 

3(N=1) 15.8 ± 3.5 (N=2) 

TNFa/IL-lp 
5/5ng/mL 

13 (N=l) 21 (N=l) 

TNFa/IL-lp 
10/10 ng/mL 

4(N=1) 19.4 + 6. 8 (N=3) 

Sphingosine 1 pM 16(N=1) -

Sphingosine 10 pM 10(N=1) 12.0 ± 3.6 (N=2) 

Staurosporine 1 pM 4.3 ± 2.3 (N=3) 21.2 (N=l) 

Staurosporine 2 pM 9.7 ± 3.8 (N=3) 7.3 (N=l) 

Fas 100 ng/mL 0(N=1) 17.8+ 1.2 (N=3) 

Fas 200 ng/mL 6(N=1) 17.5 ± 4.2 (N=5) 

Camptothecin 10 pM 3 + 0 (N=2) -

Camptothecin 100 pM 3 ± 2 (N=2) -

Table 2. Effect of apoptosis inducing agents on adult cardiac myocytes during a 24 hour 

exposure. Numbers represent the percentage mean ± SE. N refers to the cardiac myocyte 

population in a given well (N=l implies 1 well and 1 population). 
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CHAPTER 4: DISCUSSION 

Myocardial dysfunction occurs during sepsis yet the mechanism is not completely 

understood. Myocardial apoptosis may be one contributing factor to this clinical 

observation. The purpose of this study is to focus on the possibility that apoptosis may 

occur in the heart during sepsis. By investigating both apoptotic and survival pathways I 

hope to convince you that these pathways are activated and their potential influence on 

myocardial dysfunction is an important area of research. 

4.1 Summary of Main Findings 

In this rat LPS model of sepsis we found evidence of activation of both apoptotic and 

survival pathways as early as 6 hours after LPS injection. By 24 hours we found 

evidence of activation of later apoptotic pathways and evidence of end-stage apoptosis of 

myocardial cells using TUNEL staining. Evidence of involvement of apoptotic pathways 

was associated with a partially reversible decrease in myocyte fractional shortening. The 

maximal decrease in fractional shortening was temporally associated more closely with 

mitochondria-related apoptotic pathways than with end-stage apoptosis. The absolute 

number of apoptotic cardiac myocytes is likely insufficient to account for myocardial 

depression of sepsis but it is conceivable that apoptotic and survival pathways, and 

particularly their relationship to mitochondrial function, may contribute to myocardial 

dysfunction of sepsis and acute inflammation. 

To further investigate the association between apoptosis and myocardial dysfunction an 

in vitro model was attempted. Cultured cardiac myocytes proved resistant to a variety of 
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apoptosis-inducing agents. One possible exception was TNFa, which caused a trend to 

increased cardiac myocyte apoptosis. However, this concentration of TNFa had minimal 

adverse effects on myocardial function. An in vitro model of cardiac myocyte apoptosis 

requires further work. Lack of an in vitro model does not contradict the findings of the 

septic in vivo model but makes identifying mechanistic pathways more difficult. 

4.2 Bax versus Bcl-2 in the LPS Rat Model 

Myocardial dysfunction present during sepsis is known to involve the mitochondria 75-

77. Interestingly, fate of a cell can be highly influenced by the mitochondria; specifically 

by the Bcl-2 family of proteins 32. Two members, Bax and Bcl-2 promote apoptosis or 

survival respectively. Their involvement in cell fate has even been shown within the 

heart 78. Hence they were chosen for investigation in the septic heart both at the mRNA 

and the protein level. 

In order to show that LPS affects the pro-apoptotic Bax pathway and the pro-survival 

Bcl-2 pathway, their respective mRNA levels were determined. We found that LPS 

affects both Bax and Bcl-2 mRNA expression. mRNA expression can be increased by 

increasing transcription of the gene or by increasing the stability of the mRNA. The 

increase in Bcl-2 mRNA at 6 hours post LPS injection likely contributed to the 

corresponding rise in protein seen at 12 and 24 hours. Bax mRNA levels did not increase 

significantly until 24 hours post LPS injection. Thus the rise in Bax protein from 6 to 24 

hours was not the result of increased Bax transcription but the result of increased 

translation. The effect of the small but significant increase in Bax mRNA at 24 hours 
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was not investigated but suggests that apoptotic pathways are still influenced by 

downstream mediators of LPS. It was not surprising to find Bax mRNA levels effected 

by LPS since the cytokines IL-1 p and IFN-y have been shown to influence these levels in 

the neonatal myocyte 79. However, the degree of influence on Bax mRNA was 10%-

20% in this rat model compared to the 10 fold increase seen in the IL-1 p and IFN-y 

challenged neonatal myocytes. Two contributing factors for these differences include in 

vivo versus in vitro and adult versus neonatal. In vivo conditions present many complex 

interactions that are not present in a simple single cell type cell culture and, as such may 

counteract the strong pro-apoptotic Bax signal. Adult versus neonatal will also likely 

play a role since their sensitivity to apoptosis is different 65. Bcl-2 mRNA levels can 

also be dynamic as noted during postnatal heart development where levels drop 

dramatically at day 1 post birth followed by a rise days 5 to 21 post birth 60. jn vity0 

studies 8 ° ,81 indicate that both Bax 7 9 and Bcl-2 8 2 mRNA levels can change in the 

adult myocyte. Thus changes in Bax and Bcl-2 mRNA presented in this rat model of 

sepsis are in agreement with other studies indicating that their mRNA levels can be 

regulated. 

In our model of sepsis we observed that, at six hours after LPS injection, Bax and Bcl-2 

protein expression declined and then gradually returned to control levels by 24 hours. 

LPS directly or indirectly appears to be capable of regulating Bax and Bcl-2 protein 

levels independently of their mRNA. For instance, the half-life of Bax and Bcl-2 protein 

decreases in response to inflammatory stimuli 54. More specifically caspases and other 

proteins involved in apoptosis can cleave and inactivate or down regulate the Bcl-2 
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family of proteins 44,83 Thus, the early decrease in Bax and Bcl-2 that we observed 

might be explained by destruction or shortened half-life of these proteins. 

In vivo studies including analysis of the heart's Bax and Bcl-2 protein indicate that a wide 

variety of responses are possible. Olivetti and colleagues 59 studied patients who died of 

chronic heart failure. An increased number of apoptotic myocytes was accompanied by a 

doubling of Bcl-2 protein in these cells with no change in Bax protein as determined by 

immunohistochemsitry 59. These results were taken to imply that the heart was 

attempting to avoid end-stage apoptosis. A study investigating myocardial infarction in 

young (6-8 months) Harlan Sprague Dawley rats demonstrated a decrease in Bax protein 

with a corresponding increase in Bcl-2 protein levels 78. This ratio favoring Bcl-2 was 

high even at the time of maximum DNA fragmentation in the cardiac myocyte. In 

contrast, other studies looking at the progression of left ventricular hypertrophy (LVH) to 

left ventricular dysfunction (LVD) showed an increase in Bax and a decrease in Bcl-2 for 

the whole heart. The Bax/Bcl-2 ratio favored Bax and more prominently with 

progression to LVD 37. As well, both Bax and Bcl-2 protein can increase in the heart, as 

observed during coronary occlusion 84. All of the above studies showed a different 

Bax/Bcl-2 response from that seen in this septic rat model. 

In our study, we also saw limited but significant increase in end-stage apoptosis. At the 

time of maximum TUNEL positive cells both Bax and Bcl-2 levels had returned to 

baseline values. Thus the increase in Bax/Bcl-2 ratio at 6-12 hours post LPS injection 

was disassociated with DNA fragmentation. At no time through out the experiment were 
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changes from baseline Bcl-2 protein levels higher than changes in Bax levels or control 

values. As well Bax levels did not remain constant nor did they increase above control 

levels. These differences indicate that LPS has a different effect on the Bcl-2 family 

within the heart. 

Our analysis of Bax and Bcl-2 in the whole heart does not indicate which cell type(s) are 

affected. A variety of cell types present within the heart express or can be induced to 

express Bax and Bcl-2. In health, smooth muscle cells, neutrophils, macrophages, and 

myocytes have detectable levels of the Bax protein 38,59,85,86 Bcl-2, is however, only 

detectable in smooth muscle cells and macrophages in healthy individuals 38,86 

Neutrophils, when challenged in vitro with LPS, show no change in Bax protein levels 

and no detectable levels of Bcl-2 85. Hence, the fluctuation in Bax and Bcl-2 protein 

levels are unlikely to be contributed by the neutrophil. Macrophages undergo accelerated 

rates of apoptosis but the involvement of Bax and Bcl-2 are unknown 51. Thus, potential 

contributing sources to the decrease in Bax protein levels present at 6 hours post LPS 

injection are smooth muscle cells, cardiac myocytes, and possibly macrophages. As 

indicated above, immunohistochemistry studies of in vivo myocytes indicate that Bax and 

Bcl-2 protein can decrease or increase within cardiac myocytes 59,78,84 j/hus it is 

feasible that the changes in Bax and the increase in Bcl-2 protein include those present in 

the cardiac myocyte. The initial decrease in Bcl-2; however, is not likely affected by 

cardiac myocytes since, in health, they have undetectable levels. 
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L P S a f f e c t s t h e h e a r t b y a c t i v a t i n g b o t h a p o p t o t i c a n d s u r v i v a l p a t h w a y s a s s h o w n b y t h e 

c h a n g e s i n B a x a n d B c l - 2 m R N A a n d p r o t e i n . T h e s e c h a n g e s a r e l i k e l y a t l e a s t p a r t i a l l y 

a t t r i b u t a b l e t o c h a n g e s o c c u r r i n g w i t h i n t h e c a r d i a c m y o c y t e . T h e e f f e c t t h e s e c h a n g e s 

h a v e o n t h e h e a r t i s u n c l e a r b e c a u s e n e i t h e r t h e a p o p t o t i c B a x p a t h w a y n o r t h e s u r v i v a l 

B c l - 2 p a t h w a y c l e a r l y d o m i n a t e d . F u r t h e r s u p p o r t i n g e v i d e n c e f o r t h e u n c e r t a i n t y o f 

t h e s e p a t h w a y s o n c e l l f a t e , i s t h e l a c k o f i n c r e a s e d e n d - s t a g e a p o p t o s i s ( s e e T U N E L 

d i s c u s s i o n ) a t t h e t i m e o f m a x i m u m r a t i o ( 6 h o u r s ) . T h i s c o r r e l a t i o n w o u l d b e e x p e c t e d 

i f t h e c e l l s a r e p r o - a p o p t o t i c i n n a t u r e b e c a u s e t h e in vivo a p o p t o t i c p r o c e s s w o u l d b e 

i n i t i a t e d a t d i f f e r e n t t i m e s i n d i f f e r e n t c e l l s a n d t h e r e f o r e a r i s e i n T U N E L p o s i t i v e c e l l s 

a t 6 h o u r s a n d p e r h a p s a t 1 2 h o u r s w a s e x p e c t e d . T h e p o t e n t i a l f a v o r o f t h e a p o p t o t i c 

B a x p a t h w a y a t 6 h o u r s m a y n o t h a v e r e a c h e d t h e a p o p t o s i s - i n d u c i n g t h r e s h o l d o r i t m a y 

b e c o u n t e r - a c t e d b y o t h e r p r o - s u r v i v a l p r o t e i n s s u c h a s M c l - 1 o r B c l - x l . T h e p r e s e n c e o f 

t h e s e o t h e r p r o t e i n s f r o m t h e B c l - 2 f a m i l y w e r e n o t i n v e s t i g a t e d d u e t o t h e l a c k o f 

a v a i l a b l e r a t a n t i b o d i e s . T h e h e a r t r e s p o n d e d a n d a d a p t e d t o t h e L P S i n s u l t a s s h o w n b y 

t h e a c t i v a t i o n o f a p o p t o t i c a n d s u r v i v a l p a t h w a y s . T h e e f f e c t o f t h i s r e s p o n s e a n d 

a d a p t a t i o n i s n o t a c c o m p a n i e d b y c e l l d e a t h b u t p e r h a p s b y h e a r t d y s f u n c t i o n . 

4.3 Are Mitochondria Involved in LPS induced Cardiac Apoptosis? 

I n t h i s m o d e l o f a c u t e s e p s i s b o t h B a x a n d B c l - 2 p r o t e i n l e v e l s d e c l i n e d a n d t h e n 

r e b o u n d e d s o t h a t t h e p a t t e r n o f e x p r e s s i o n w a s n e i t h e r c l e a r l y p r o - a p o p t o t i c n o r p r o -

s u r v i v a l . O n t h e o n e h a n d , t h e d e c r e a s e i n B c l - 2 b y w e s t e r n b l o t w a s g r e a t e r t h a n t h e 

d e c r e a s e i n B a x , p o t e n t i a l l y f a v o r i n g a p o p t o s i s . T o a d d r e s s t h i s i s s u e w e d e t e r m i n e d t h e 

n e t e f f e c t o f B a x p r o m o t i n g a n d B c l - 2 i n h i b i t i n g m i t o c h o n d r i a l c y t o c h r o m e C r e l e a s e 
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40,43-45 Mitochondria have been shown to be frequently involved in apoptosis via the 

release of cytochrome C 43,45 As w e U 5 TNFa and nitric oxide have been shown to 

involve the mitochondria when inducing apoptosis 87-90 A pilot study was done to 

investigate cytochrome C levels at all time points. The results from this cytochrome C 

pilot study (maximum difference at 6) and the time of maximal change in Bax and Bcl-2 

protein lead us to investigate cytochrome C release at 6 hours post LPS. We also chose to 

only investigate cytochrome C in cardiac myocytes because these cells are affected by 

myocardial dysfunction. 

Cytochrome C levels showed a trend towards lower levels in the mitochondrial fraction 

of the 6 hour LPS treated group compared with the 6 hour PBS control group by 

approximately one-half (p=0.06 for actin; p=0.09 for GAPDH). However, cytsol levels 

of Cytochrome C, when normalized to GAPDH, also showed a trend towards lower 

amounts in the LPS group compared with controls (p=0.17). Whereas, when cytosol 

cytochrome C levels are normalized to sarcomeric actin no difference was detected 

(p=0.55). The discrepancy between these two housekeeping proteins may reside in 

GAPDH being a cytosol protein and actin being a structural protein. The differences 

between these two types of proteins may be important due to the experimental isolation 

procedure. Individual myocytes were isolated by enzymatic digestion. Myocytes 

damaged from this isolation method or by the in vivo response to the LPS, may have lost 

internal proteins during the isolation procedure. GAPDH may control for loss of these 

proteins better than the structurally protein, actin. Thus the cytosol cytochrome C level is 

more accurately reflected by the those values normalized to GAPDH, although the 
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difference between groups is still not significant (p=0.17). The ratio of mitochondria to 

cytosol cytochrome C levels when normalized to either GAPDH or actin showed no 

statistical difference (p=0.46 GAPDH; p=0.41 for actin). To ensure that the cytochrome 

C detected in the cytosol fraction was not contaminated with cytochrome C from the 

mitochondria the mitochondria specific COX-I subunit was also detected. COX-I was 

only detected in the mitochondria fraction confirming no contamination of the cytosol. 

There was also no detectable COX I protein differences between the LPS and the control 

group. The myocyte isolation procedure results in a 40% to 60% death rate. This high 

death rate explains why all fractions from both groups contain cytochrome C. We can 

conclude from these results that only mitochondria levels of cytochrome C show any 

potential difference between the LPS and the control group. 

The decrease in mitochondrial cytochrome C level, the potential decrease in cytosol 

cytochrome C level, and no change in mitochondria/cytosol ratio can be the result of 

many possible scenarios. The 6 hour LPS group appears to have less cytochrome C 

overall. The mitochondria fraction from the 6 hour LPS group has less cytochrome C and 

therefore less cytochrome C is able to escape to the cytosol. Loss of cytochrome C due to 

the isolation procedure has been accounted for by normalizing the results to the 

housekeeping proteins. Cytchrome C is capable of binding many proteins including its 

anchor protein cardiolipin 91, Bcl-2 43, Bax 92, m ^ nitric oxide 92. These interactions 

were dissociated when the sample was heated in the SDS sample buffer as confirmed by 

molecular weight and; therefore, should not have interfered with antibody detection. 

Mitochondria cytochrome C levels drop in Trypanosoma cruzi infected rats 93, and in 
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ischaemic tissue 94. m both of these articles there is no mention of analysis of 

cytochrome C in the cytosol. A s well , cytochrome C w i l l decrease in the mitochondria 

during apoptosis 95. Cytochrome C release from the cardiac myocyte in vivo has not be 

clearly shown. Idiopathic dilated cardiomyopathy and ischemic cardiomyopathy have 

shown cytochrome C release from the mitochondria but without identification of cell type 

95. In vitro studies indicate that cytochrome C release is possible from cardiac myocytes 

96. Hydrogen peroxide challenged neonatal myocytes showed cytochrome C release but 

this was not induced using other free oxygen radicals 96. Reasons for the loss o f 

cytochrome C from mitochondria in this septic model are unknown. Possible scenarios 

include a depressed transcription or translation of the gene, degradation within the 

mitochondria, or degradation within the cytosol after released from the mitochondria. 

Transcription of cytochrome C in the rat heart may be oxygen dependent as it is in yeast 

97. Sepsis is accompanied by hypoxia but not within the heart 98,99 A s well , other rat 

models similar to ours have not reported cardiac hypoxic conditions 100 Thus decrease 

in cytochrome C transcription is unlikely. The decrease in mitochondrial cytochrome C 

level may be part of a negative feedback mechanism. In septic baboons the 

mitochondrial activities of complex I and complex II are reduced 75 which may 

negatively influence cytochrome C levels. The decrease in mitochondria cytochrome C 

without a rise in cytosol cytochrome C may still indicate the presence of apoptosis. The 

connection to apoptosis and the fact that both Bax and Bcl-2 can influence mitochondria 

cytochrome C levels by interacting with it directly or indirectly indicates that the changes 

in Bax and Bcl-2 that we observed potentially contribute to some of the mitochondrial 

cytochrome C loss. The Bax/Bcl-2 ratios at 6 hours post L P S favors Bax and therefore 
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potentially cytochrome C releases. This time point was associated with a loss of 

cytochrome C from the mitochondria. The explanation for the lack of rise in the cytosol 

fraction is unknown. Bobba and colleagues have reported that cytochrome C will 

degrade in the cytosol by a caspase mediated event 101. Cytochrome C degradation from 

the cytosol was blocked with z-VAD-fmk, a broad spectrum caspase inhibitor 101. At 

this 6 hour time point we did not observe an increase in caspase 3 activity, but the activity 

of other caspases are unknown. Therefore, it is possible that this lack of cytochrome C 

recruitment in the cytosol may not rule out activation of further apoptotic pathways. 

The effect of this decreased cytochrome C may decrease ATP production, increase 

oxidants, or induce apoptosis. Cytochrome C shuttles electrons between complex III and 

IV of the mitochondrial respiratory chain to generate ATP. A break in this system by the 

loss of cytochrome C may reduce ATP production levels. Supporting evidence for a 

disruption in electron transport chain in the heart during sepsis, comes for MTS assays 

76,77 and by the identified disruption of complex I and II of the mitochondria respiratory 

chain 75. Others however, have reported no loss in ATP during sepsis 102. Cytochrome 

C is a key regulator of limiting the amount of superoxide production by the mitochondria 

103. Thus a decrease in cytochrome C as seen in this LPS rat model may lead to a rise in 

superoxide which in turn will negatively influence cardiac function and lead to potential 

rise in apoptosis 92,104 indeed, in septic and LPS rat models an increase in superoxide 

has been reported 105. 



We have found that cardiac myocytes contain lower levels of cytochrome C within their 

mitochondria as the result of LPS exposure. This loss of mitochondria cytochrome C was 

not accompanied by a concurrent rise in the cytosol. The effect of this depressed 

mitochondria cytochrome C may contribute to the decrease in cardiac function as this 6 

hour time point (see function paragraph). The reason for this decrease in mitochondrial 

cytochrome C is unknown but may be influenced by the change in Bax and Bcl-2 protein 

levels. 

4.4 A Minimum of One Apoptotic Pathway was Activated in the LPS-Treated Heart 

Caspases are executioners of apoptosis 32. Caspase 3 was chosen for investigation due to 

its unique role as being the central executioner of apoptosis, for it represents a junction 

point for many apoptotic pathways (Figure 2). Activation of caspase 3 implies that a 

^minimum of one upstream apoptotic pathway was activated. This includes activation by 

other caspases and by cytochrome C and AIF release from the mitochondria. Caspase 3 

exists in an inert form in the cytosol until cleaved by other caspases. To confirm caspase 

3 is constitutively expressed in this LPS rat model, mRNA levels were investigated. 

Active caspase 3 was investigated by looking for its cleaved active fragment and by the 

enzymatic activity of this cleaved fragment. 

In this LPS rat model, caspase 3 mRNA levels were constant indicative of the gene being 

constitutively expressed. Presence of the active caspase 3 protein can be determined in 

two ways using a western blot: 1) lost of the proform protein, and 2) presence of the 

active form. The antibody used in this study detects both the inactive and active form of 
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caspase 3. Western blot analysis indicated no detectable decrease in the proform and no 

presence of the active form. It can be difficult to detect the active form due to its 

degradation. The heart's heterogeneity may also make it difficult to detect the active 

form if few cells are undergoing apoptosis. Caspase 3 activity as measured by its ability 

to specifically cleave the amino acid sequence DEVD, indicated that caspase 3 was 

activated in the heart. Caspase 3 activity increased with time post LPS to levels of 1000 

fold above control values. Caspase 3 activity assay proved to be more sensitive than the 

western blot analysis. 

Caspase 3 activation is a key finding and confirms that at least one apoptotic pathway has 

been activated. The correlation between caspase 3 activity and end-stage apoptosis has 

been shown by others 58,81,106 m m i s study, increasing caspase 3 activity correlated 

with an increase in apoptosis. The exact amount of active caspase 3 needed to induce 

end-stage apoptosis is unknown. Previous reports of caspase 3 activity in the heart have 

only been shown using an antibody to the active form of the caspase 106 This j s the first 

reported case of increased caspase 3 activity in the heart in a model of sepsis, as 

measured by its ability to cleave the amino acid sequence DEVD. The source of this 

caspase 3 activity in the heart is unknown because total heart lysate was tested. In 

healthy hearts myocytes, fibroblasts, and smooth muscle cells have detectable levels of 

the caspase 3 inactive proform by immunohistochemistry 73. Thus cardiac myocytes 

could be contributing to the increased level of caspase 3 activity. 

54 



Cardiac myocytes have the ability to activate their own caspases including caspase 3 

96,106-108 Caspase 3 can be activated within the cardiac myocyte by 

ischemia/reperfusion 106? and in vitro with staurosporine, doxorubicin, or hydrogen 

peroxide 80,96,108 Although caspase 3 activation is possible in the cardiac myocyte, 

the extent to which cardiac myocytes contribute to the observed whole-heart increase in 

caspase 3 activity is unknown. Black's study on ischemia/reperfusion only found cardiac 

myocytes to be TUNEL and/or caspase 3 positive and not the infiltrating neutrophils or 

macrophages 106 During sepsis macrophage apoptosis is accelerated whereas neutrophil 

apoptosis is delayed 51,56,57 Whether caspase 3 plays a role in macrophage and 

neutrophil apoptosis in this LPS heart is unknown. Smooth muscle cells responding to 

TNFa also increase caspase 3 activity 109 Stimulation of fibroblast in culture with IL-

1P, IFN-y, TNFa or nitric oxide for 5 days did not induce apoptosis HO However, these 

same cytokines were able to induce apoptosis in smooth muscle cells 111. Glomerular 

endothelial cells have also shown to activate caspase 3 after exposure to LPS 112 

This is the first report of caspase 3 activity as measured by DEVDase in the in vivo heart. 

Caspase 3 levels increase at 12 hours post LPS followed by a further increase at 24 hours 

post LPS. Cardiac myocytes likely contribute to the levels detected in the whole heart 

lysate. Other cells potentially contributing to caspase 3 activity include leukocytes, 

smooth muscle and endothelial cells. The detection of caspase 3 activity confirms that 

apoptotic pathway(s) have been activated in the heart. Caspase 3 activity is associated 

with a small degree of end-stage apoptosis in myocardial cells. 
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4.5 Presence of End-Stage Apoptosis in the LPS-Treated Heart 

Apoptosis is programmed cell death, which has very characteristic end-stage markers, 

including fragmented DNA and a distinct morphology. Hence the reason for analysis of 

one or both of these in most studies of apoptosis. Fragmented nucleic DNA can be 

identified by TUNEL, ELISA, DNA agarose gel analysis and other methods. We chose 

to investigate end-stage apoptosis using TUNEL, based on its ability to detect fragmented 

DNA in individual cells and to allow for identification of cell type. 

The heart is very resistant to LPS-induced end-stage apoptosis. Most cells within the 

heart did not demonstrate end-stage apoptosis as noted by the lack of positive brown 

stained nuclei and the presence of the counterstain, methyl green. At 24 hours post LPS 

an increase of 2 to 4 times the number of apoptotic myocardial cells was identified. 

These apoptotic cells were found in both right and left ventricle of the heart and are not 

present in clusters. Most of the TUNEL positive cells appear to be of non-myocardial 

origin. These results were not surprising for even in disease states the apoptotic index is 

low 113,114 jn vitfo myocyte studies showing large degrees of end-stage apoptosis 

(10%-60%) with cytokines 65,1105 reactive oxygen species 96,115̂  and nitric oxide 

79,116 are not representative of the in vivo setting. The high percentage of myocyte 

apoptosis would likely lead to heart failure and death. Survival pathways are critical for 

maintaining the integrity of the heart, in agreement of the minimal amount of end-stage 

apoptosis present in this LPS-injected rat model. Apoptosis has been investigated in the 

septic patient 58. Hotchkiss and colleagues found less than 1% apoptotic morphology in 

the heart which is in agreement with the amount of TUNEL positive cells detected in this 



septic rat model. Other septic animal models have not investigated apoptosis in the heart 

54. 

The TUNEL results correlate with caspase 3 activity but not Bax and Bcl-2 protein 

levels. Maximum caspase 3 activity (1000 fold above control levels) is present at 24 

hours post LPS, which temporally correlated with the late, rise in end-stage apoptosis. 

Bax and Bcl-2 have returned to control levels at this late time point when increased 

TUNEL positive cells are observed. These results are consistent with the interpretation 

that cells which have committed to late-stage apoptosis (active caspase 3) will proceed to 

end-stage apoptosis but those cells that have inhibited or reversed the apoptotic pathway 

(survival pathways, return to normal Bax and Bcl-2 levels) will survive. 

Other methods for investigating DNA fragmentation, a hallmark of apotosis, such as 

DNA laddering and the comet assay were not used. DNA laddering requires a large 

number of apoptotic cells within the tested population to see the "ladder". This may 

explain why some studies of the heart 59,61,107 confirm TUNEL or morphology data 

while others do not 58,61 x n e COmet assay is useful for in vitro studies since it test 

individual cells for the presence of fragmented DNA 65,66 x n u s m o u r experiment the 

comet assay is not feasible for whole heart. The individual myocytes collected for 

cytochrome C analysis would prove difficult to examine by the comet assay. These cells 

are collected using chemical and physical digestion, which results in 45% to 55% dead 

cells. Thus the isolation method used may also falsely introduced apoptotic and necrotic 

cells. 
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End-stage apoptosis is limited in this septic rat model. The lack of specific apoptotic cell 

location agrees with the insult being "global". We conclude that due to the minimal 

number of end-stage apoptotic cells, a number of survival pathways may play an 

important role. A t the time of maximum and significant increase in apoptotic cells the 

animals have largely recovered from their early physiologic response to endotoxin and 

display normal physical characteristics of a healthy rat. Apoptosis at this time may be 

due to the removal of inflammatory and severely damaged cells no longer required in the 

heart and thus may represent the recovery phase. 

4.6 Comparison of Our Apoptotic and Survival findings with Other Cardiac Models 

Related to Sepsis 

It is not surprising that evidence of involvement of apoptotic and survival pathways are 

present within this model. Although the evidence presented in this LPS-treated rat model 

refers to the whole heart, myocytes are included in those cell types contributing, as 

discussed in each section and as confirmed by the detection of some of the T U N E L 

positive cells to be of cardiac myocyte origin. Thus cardiac myocytes are contributing to 

the changes detected in these pathways. Further evidence for involvement of the cardiac 

myocyte in vivo includes in vitro studies related to sepsis. In vitro studies show that 

various inflammatory mediators of sepsis can induce apoptosis in cardiac myocytes, but 

these studies mainly focused on end-stage apoptosis and less on earlier apoptotic 

pathways 65,66,110,117,118 m fac^ m e pathways studied in this in vivo septic model 

have not been previously investigated in in vitro models. 
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In our septic model, LPS is used as the inducing agent. Interestingly, LPS has been 

shown to induce end-stage apoptosis in cultured adult cardiac myocytes via induced 

myocyte production of TNFa and activation of the TNFR1 receptor 66 The amount of 

LPS used in vitro was 100 ng/mL for 4 hours 66. i n o u r septic rat model, 4 mg LPS/kg 

was given intraperitoneal which equates to 670 pg/mL LPS if one assumes 60 mL of 

blood per kg of body weight and complete absorption. The heart may be exposed to a 

concentration of > 100 ng/mL for some time although whether this continues for 4 hours 

is unknown due to the body's metabolism. It does however, suggest that the possibility 

may exist in vivo. The 100 ng/mL LPS was associated with TNFa production by the 

cardiac myocyte to levels of -500 pg/mL. Higher concentrations of TNFa are observed 

in many animal models after LPS injection. The fraction of apoptotic cardiac myocytes 

present after a 4 hour incubation with 100 ng/mL LPS in serum free media was -18% 

compared with -4% in control cells. This level of end-stage apoptosis was not seen in 

vivo. The in vitro model is very unrepresentative of in vivo conditions in many ways 

including the presence of serum and the influence by pro-survival pathways. Our study 

extends this in vitro study by suggesting specific apoptotic pathways that are activated in 

the heart as the result of LPS. 

LPS is a well known inducer of TNFa production. In vitro TNFa (4 nM, 68 pg/mL) 

challenged adult cardiac myocytes for 18 hours showed -60% apoptosis as measured by 

the comet assay 65. A minimum time of 12 hours was required to detect any significant 

increase in cardiac myocyte apoptosis 65. The level and time presence of TNFa in the 
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heart of our septic model is unknown. However, a study by Shames and colleagues also 

using a rat LPS model, measured maximum TNFa level at 2 hours following LPS 

injection, which then decline to control levels by 4 hours 119. Maximum TNFa was 32 

pg per mg of cardiac tissue 119. Once again converting to per mL of blood using 60 mL 

per kg we have a concentration of 533 ng/mL. Thus the level of TNFa used by Krown 

would be present in our rat model. Once again end-stage apoptosis in vitro results are 

different from in vivo. The apoptotic inducing capacity of TNFa was shown to occur via 

TNFR1 receptor by use of antibodies to the receptor and by using sphingosine, a known 

product of TNFR1 65. This study also supports our observation of activation of 

apoptotic and survival studies in our LPS-treated rat model. 

In vitro studies have also shown TNFa ability to induce apoptosis in endothelial cells and 

in smooth muscle cells 111 ,120 

Other inflammatory mediators of sepsis, including nitric oxide and reactive oxygen 

species, have been found to induce apoptosis in many cell types including myocytes 

117,118 Apoptosis by nitric oxide is caused from the calcium independent iNOS 116 

Adult cardiac myocytes challenged with SNAP (1 mM, a nitric oxide donor) will induce 

40% of cardiac myocytes to undergo apoptosis within 4 hours. Hemoglobin, which 

scavenges nitric oxide, can prevent the increase in apoptosis caused by SNAP at 4 hours 

but is less successful at preventing apoptosis at 8 hours (42% SNAP vs 30% SNAP + 

hemoglobin vs 13% control). If nitric oxide is not completely neutralized then nitric 

oxide directly or indirectly can still activate apoptosis. Survival pathways would also be 
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activated as suggested by the lack of 100% cell death in vitro and in vivo. Cytokines can 

also cause end-stage apoptosis by inducing the downstream activator nitric oxide 116. 

During sepsis the heart responds less to p-agonist drugs as compared with a healthy heart 

121 Interestingly the P-adrenergic receptor stimulation has been shown to cause 

apoptosis in adult and neonatal myocytes 122,123 The cardiac cell contains two types of 

P-adrenergic receptors, pi and p2 122. Communal and colleagues showed that only pi, 

and not P2, receptor stimulation will cause apoptosis 122. The pi receptor promotes 

apoptosis by inducing cAMP. Further confirmation that the P adrenergic receptor 

contributes to the induction of apoptosis comes from the Gsct transgenic mouse mice 124. 

The Gsa transgenic mouse over-expresses Gsct the immediate downstream protein of the 

P receptor. The Gsa transgenic mouse presents more apoptosis than control mice when 

stimulated via the P receptor 124. in contrast, the a adrenergic receptor; promotes 

cardiac myocyte survival 123. Whether the decreased cardiac response to p-adrenergic 

agonists during human sepsis has an impact on cardiac myocyte apoptosis during sepsis 

is unknown. 

Calcium regulation is disrupted during sepsis 28,125 Cytosolic calcium concentrations 

increase during sepsis as the result of a less efficient Na -Ca exchanger in the 

sarcolemma and an impaired Ca2+-ATPase pump on the sarcolemma 28,125 increased 

cytoplasmic calcium concentrations have been causally connected with apoptosis 126. 

Increased cytosolic calcium may activate key apoptotic pathways such as the effector 

61 



machinery. Proteases (ex. laminin protease), and endonucleases (ex. DNasel) are 

calcium sensitive 126. The phosphatidylserine "flip" characteristic of apoptosis is also 

calcium sensitive. Hence, increased cytosolic calcium is one more contributing factor to 

the activation of apoptotic pathways within the septic heart and specifically within the 

cardiac myocyte. 

Activation of apoptotic pathways occurs in the heart and in cardiac myocytes. Survival 

pathways are also important, as shown indirectly by the low percentage of end-stage 

apoptosis in vivo and lack of 100% death rate in vitro. The pathways investigated in this 

septic rat model are the result of one or more of the above inducers. The pathways 

investigated (Bax/Bcl-2, cytochrome C, caspase) are unlikely to be the only pathways 

involved. Further investigation into other pathways is necessary (ex. Bid, p53). Our 

findings extend in vitro findings to in vivo, showing a more complex response and we 

identified some of the pathways involved. 

4.7 Myocardial Function in the LPS-Treated Rat Model 

Sepsis is accompanied by myocardial dysfunction. Known contributing factors include 

TNFa and nitric oxide. Activation of apoptotic pathways could conceivably contribute to 

this myocardial dysfunction. Thus we investigated the correlation between activation of 

these apoptotic and survival pathways with myocardial function. Myocardial function 

was determined in isolated cardiac myocytes by measuring their percent fractional 

shortening. Fractional shortening has been shown to correlate with in vivo heart function 

as determined by echo 127 Fractional shortening has also been proven to detect changes 
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in cardiac contractility caused by in vitro challenge 4̂. Hence, fractional shortening on 

isolated cardiac myocytes taken from in vivo LPS-treated rats was measured. 

We found that intraperitoneal LPS injection caused myocardial dysfunction in the rat. 

LPS maximally depressed myocyte contraction by 29% at six hours post LPS treatment. 

Half of this decrease recovered by 12 hours post LPS treatment and remained at 24 hours 

post LPS. These results are in agreement with other investigators using a variety of 

animal models that have demonstrated myocardial dysfunction after endotoxin infusion 

21,128-131 Depression of cardiac contractility in this LPS rat model is similar to that 

seen with other models measuring Emax (29% fractional shortening versus 40% Emax 

21,128 jo illustrate the relationship between fractional shortening and a volume-based 

measured such as Emax we note that for a sphere a 25% fractional shortening of diameter 

translates into a 58% reduction in volume ejection at the same pressure. Most studies do 

not proceed past 6 hours of LPS exposure. By 24 hours post LPS injection, the rat's 

physical appearance is normal yet cardiac contractility was still suppressed. The exact 

cause of this incomplete recovery is unknown but may be related to chronic studies where 

recovery occurs over a period of days. 

The decrease in cardiac function present in this LPS-treated rat model was temporally 

more closely correlated with changes in Bax and Bcl-2 expression and decreased 

mitochondrial cytochrome C rather than with the presence of end-stage apoptosis. At the 

time of maximum cardiac depression end-stage apoptosis as determined by TUNEL had 

not risen above control levels. TUNEL indicated a slight increase in apoptotic cells at 24 
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hours post LPS compared to 6 and 12 hours while contractility improved. Recovery in 

contractility was seen at 12 hours with no corresponding change in TUNEL results. 

Thus, it appears less likely that end-stage apoptosis was associated with a depressed 

cardiac function. Myocyte apoptosis however has been associated with myocardial 

dysfunction in a number of clinical heart disease states such as ischemia-reperfusion, 

myocardial infarction, and chronic heart failure 59,62,113,132 Ventricular dysfunction in 

these studies likely required apoptosis of many more cardiac myocytes than we observed 

in this relatively short sepsis study. This does not rule out the relationship between heart 

dysfunction and apoptosis. For instance, increased myocyte apoptosis has been 

associated with age and ventricular dysfunction 63. Furthermore, failing ventricles in 

spontaneously hypertensive rats show greater than four times the number of apoptotic 

cardiomyocytes than that seen in non-failing hypertensive rat ventricles 64. Loss of 

cardiac myocytes probably contribute to heart dysfunction because without replacement 

of these cells fewer cells must maintain heart function. Yet apoptotic pathways may be 

linked to cardiac myocyte dysfunction in other ways. 

Evidence that apoptotic pathways themselves, and not necessarily end-stage apoptosis, 

are correlated with myocardial dysfunction is taken from the data collected at the time of 

maximum cardiac dysfunction. Maximum decrease in fractional shortening observed 

following LPS injection was more closely correlated with mitochondria-related apoptotic 

events (decrease in Bax and Bcl-2 protein, increase Bcl-2 mRNA, and loss of 

mitochondrial cytochrome C) than with the evidence of minimal end-stage apoptosis at 

24 hours. Thus, it is interesting to speculate that the effects of apoptotic pathways on 



mitochondrial function may be more important than end-stage apoptosis in contributing 

to myocardial dysfunction of sepsis. Possible interactions between mitochondrial 

function and apoptosis under septic conditions include PKC and the mitochondrial 

respiratory complex I. TNFa is known to activate sphingosine prior to inducing 

apoptosis in cultured adult cardiac myocytes 65. Sphingosine is a known inhibitor of 

PKC 65. Without operational PKC, myocyte contraction can decrease (Figure 1) and 

Bcl-2 activity may decrease due to a change in Bcl-2 phosphorylation state 65. 

Sphingosine-1-phosphate, a known product of sphingosine, has been shown to increase 

Bax protein levels in Hep3B human hepatoma cells 133 in a c e c a i ligation and puncture 

septic rat model, PKC activity was increased 9 hours following surgery but was within 

control levels 18 hours following surgery 134 These results may argue against the 

proposed interaction between mitochondria and apoptosis. However, another report 

suggests that cecal ligation and puncture may not be a good model for study septic 

myocardial dysfunction because myocardial dysfunction does not always occur 102. in a 

septic baboon model caused by the infusion of live E. coli bacteria, the activity of 

mitochondrial respiratory complex I was decreased 75. Inhibition of the mitochondrial 

respiratory complex I, but not II, in ML-la cells using rotenone (MRC complex I 

inhibitor) and cycloheximide (protein synthase inhibitor) has been linked with release of 

cytochrome C and DNA fragmentation 135. Other possible interactions may exist 

between the mitochondria, apoptosis, and cardiac dysfunction. Speculatively, apoptotic 

regulators (i.e. the Bcl-2 family) may interact with known damaged contractile apparatus 

present in sepsis like the ryanodine receptor 26, PKA 136,Ca2+-ATPase 28,125̂  Na+-
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Ca2+ exchanger 27. Mitochondrial involvement in apoptosis can be reversible 137i 

Human osteosaroma cells treated with CCCP cause the mitochondria to depolarize, 

resulting in PT pore opening. This event is reversible if the treatment is less than 6 hours 

137. The possibility of mitochondria dysfunction caused by a reversible apoptotic 

mechanism lends support to the hypothesis that apoptosis pathways involving the 

mitochondria may contribute to myocardial dysfunction. In sepsis, myocardial 

dysfunction is reversible, hence the importance of this possibility in the apoptotic 

mitochondria. 

Intraperitoneal LPS injection induces myocardial dysfunction in rat cardiac myoctes 

isolated from the heart 6 hours later. The maximal decrease in percent fractional 

shortening correlates well with the time course of activation of apoptotic pathways 

specifically related to mitochondria. Late-stage and end-stage apoptosis are not 

temporally closely correlated with the decrease in percent fractional shortening of 

isolated rat cardiac myocytes. 

4.8 In vitro Analysis of Cardiac Myocytes for Investigating the Link between 

Apoptosis and Cardiac dysfunction. 

To further establish a link between activation of apoptotic pathways and myocardial 

dysfunction we extended the study to include in vitro challenge of cardiac myocytes with 

agents reported in the literature as being capable of inducing apoptosis in this cell type. 
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The first step to investigating this relationship was to establish an in vitro cardiac 

myocyte apoptotic model. A variety of agents were tested. 

Establishing an in vitro cardiac myocyte apoptosis model proved difficult. The in vitro 

analysis was carried out on non-dividing adult cardiac myocytes. A successful isolation 

would result in 5-7 X 105 cells. Of this cell population 30%-40% consisted of dead 

myocytes. 24 well plates were chosen to establish the model because it would allow for 

multiple testing groups and provided cells for more than one mode of analysis. One 24 

well plate requires ~5 X 105 cells to plate cells at 20 000 per well. Removing supernatant 

and refeeding at 90 minutes eliminated more of the dead cells because dead cells do not 

adhere to the culture plate, but not completely. The resulting number of cardiac 

myocytes per well was approximately 60%-70% of the original number plated. After 

challenge with apoptosis-inducing agents and trypsinization to detach adherent viable 

cells from the plate, the cells were divided into 1 to 3 groups. Most cells were used for 

TUNEL analysis and of these -30% of the cells were lost during the fixing process. The 

end result is few cells per test, and in some cases, multiple tests of the same group had to 

be pooled, thus decreasing the total number of tests. 

Testing of several reported apoptosis inducing agents was tried on isolated cardiac 

myocytes. Cardiac myocytes challenged with TNFa appeared to increase the number of 

apoptotic cells compared with control but this trend was non-significant (Figure 13). 

Morphological studies likewise did not consistently demonstrate end-stage apoptosis and 

therefore did not provide support for the in vitro TUNEL data. Krown and colleagues 
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reported that a 18 hour challenge with 68 pg/mL of TNFa was capable of inducing adult 

cardiac myocyte apoptosis in 47.6%, as determine by the comet assay, and in 32.5% as 

shown by TUNEL 65. This was a much greater effect than what we observed with the 1-

200 ng/mL TNFa tested here. Krown also reported that 10 pM sphingosine for 18 hours 

induced 95% apoptosis 65. Sphingosine (10 pM) in this study resulted in only 10% 

apoptosis as determined by TUNEL with no confirmation by morphology. Krown's study 

did involve adult rat cardiac myocytes but the species of rat was not reported, which may 

have been different from the one used in this study. Alternatively, our cardiac myocyte 

isolation procedure may differ and may explain some of the discrepancies. IL-1 p was 

also tested by itself and in combination with TNFa (Table 2). Levels of apoptotic cells 

after challenge with IL-ip for 24 hours were low but slightly higher than the control. 

This is in agreement with studies of neonatal cardiac myocytes that show no difference in 

apoptotic levels with 5 ng/mL IL-1 B within the first 24 hours 110.IL-1P does induce 

45% apoptosis in neonatal cardiac myocytes if present for 120 hours 110. IL-1 P in 

conjugation with TNFa is known to act synergistically 20 in inducing myocardial 

dysfunction in isolated cardiac myocytes; however, even this combination did not result 

in much apoptosis (Table 2). In fact 5 ng/mL of both IL-1 p/ TNFa gave a higher 

percentage of TUNEL positive cells than both cytokines at 10 ng/mL and not more than 

IL-ip at 5ng/mL. Staurosporine has been shown to cause apoptosis without the need for 

de novo protein synthesis 108. Staurosporine at 1 pM and 2 pM was used to challenge 

cardiac myocytes for 24 hours. Both concentrations did not result in an increase in 

cardiac myocyte apoptosis. Staurosporine at 1.0 pM has been shown to induce 55% 
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apoptosis in neonatal cardiac myocytes within 24 hours. Adult cardiac myocytes appear 

more resistant. Fas, an apoptosis inducer in many cell types, did not induce apoptosis in 

the adult cardiac myocyte. Neonatal chick myocytes can undergo apoptosis in the 

presence of camptothecin, a topoisomerase inhibitor, within 6-8 hours (Drs. N . Reiner 

and V . Durino (UBC), personal communications). This was not the case for adult rat 

cardiac myoctes. Adult Sprague Dawley rat cardiac myoctes proved resistant to the 

tested apoptosis inducing agents. It's not unusual for apoptosis inducing agents to work 

in neonatal and not adult. However, it was anticipated that the TNFa or sphingosine 

would have shown an effect on the adult cardiac myocyte. Either induction of apoptosis 

is strain specific or there existed a technical problem. Alternatively, the presence of an 

additional cell type may be needed to successfully cause end-stage apoptosis in our 

cardiac myocyte cell culture system, thereby representing the in vivo situation more 

closely. 

Functional measurement of the in vitro challenged cardiac myocytes was determined by 

fractional shortening. Fractional shortening of adult cardiac myocytes after 24 hours of 

culture was not different between control and any of the treated groups. The 

ineffectiveness of TNFa on the cardiac myocyte is in agreement with previous studies 

from our laboratory that have shown the necessary presence of macrophages 24. 

Sphingosine, staurosporine, Fas, and camptothecin have not been investigated for their 

action on myocardial dysfunction. The preliminary findings of these agents in the model 

system tested here suggested that they do not negatively effect myocardial function. 

These findings need to be further investigated due to the limited analysis in this study. 
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Due to the limited percentage of potential, though not confirmed, apoptotic myocytes as 

compared with control samples and those percentages reported in the literature, the in 

vitro study was not pursued further. 

4.9 Pitfalls and Future Directions 

Analysis of apoptotic and survival pathways was achieved for the whole LPS-exposed 

heart. The chief limitation of these studies is that the contribution by specific cell types is 

uncertain. TUNEL analysis identified cells that achieved end-stage apoptosis. These 

TUNEL positive cells contributed to the experimental findings but may not represent all 

contributing cell types. This is particularly true in that positive TUNEL staining was not 

the apoptosis-associated measure that correlated with decreased fractional shortening. 

With only partial identification of those cell types involved, we are unable to speculate as 

to the percent contribution by each cell type. Thus results should not be applied to any 

specific cell type. For example, the ratio of Bax to Bcl-2 was determined for the whole 

heart and therefore unlikely to represent every cell type in the heart. Caspase 3 activity is 

also for the whole heart and as explained previously many cell types within the heart are 

known to activate caspase 3 in response to either LPS or cytokines such as TNFa. 

This septic model represents only the acute stages of the disease and therefore was only 

studied during the first 24 hours. Many events, however, were still occurring at the 24 

hour time point. Bax and Bcl-2 protein levels were still changing at 24 hours, making it 

unclear if these levels will continue changing or will stabilize at future time points. Both 
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caspase 3 activity and end-stage apoptosis were also on the rise at 24 hours. Heart 

function had stabilized but had not reached control levels at 24 hours post LPS. Thus the 

physical outcome past 24 hours is unknown due to these changing events. It would be 

useful to continue the study until the events reached control levels or had stabilized to a 

new homeostasis. At 24 hours post LPS, the physical characteristic of the rat was that of 

a healthy rat, thus giving the appearance of recovery. This however, may not be true due 

to the changing status of each of the above events. 

To aid in future apoptotic studies, a larger LPS dose could be given to produce a larger 

apoptotic signal. A higher dosage is possible because zero mortality was achieved with 

the 4 mg/kg dosage used in this study. 

This LPS rat model is only an acute model of sepsis and therefore does not mimic the 

true continuous infection of sepsis. Cecal ligation and puncture perhaps offers a better 

continuous infectious model but has shown to not to have the same depressant effects on 

the heart as LPS 102,128-130. 

To further connect activation of apoptotic pathways with myocardial dysfunction an in 

vitro model was attempted. The in vitro study identified difficulties in inducing apoptosis 

in adult cardiac myocytes. Further work at establishing an apoptotic cardiac myocyte in 

vitro model is necessary. Perhaps further investigation into the effect of TNFa on 

cardiac myocytes would be useful. Another problem with the in vitro study was the lack 

of cells. Possibilities to help eliminate this problem include use of more rats or use of a 
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cell line. Currently there exist two cardiac myocyte cell lines, one rat and one human. 

The difficulties with these cell lines are 1) they are neonatal and 2) do they truly represent 

a cardiac myocyte? An alternative, but again not cell-specific, method to study the 

correlation between apoptosis and cardiac function is to block the apoptotic pathways in 

vivo. 

4.10 Conclusion 

Involvement of apoptotic pathways has been documented in the heart following an LPS 

injection in rats. Initially both survival and apoptotic pathways are activated and 

associated with a potential loss of mitochondrial cytochrome C in cardiac myocytes, 

followed by increasing caspase 3 activity, and a small degree of end-stage apoptosis by 

24 hours. Apoptosis was not selective to any particular region of the heart. Myocardial 

dysfunction was present at all time points as measured in this acute LPS rat model with 

maximal dysfunction occurring at 6 hours following LPS injection. We conclude that 

involvement of apoptotic and survival pathways occurs in the heart during a septic 

inflammatory response. Activation of these apoptotic pathways, specifically those related 

to mitochondria involvement, temporally correlate with myocardial dysfunction. 
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