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ABSTRACT 

Few changes have been made to the clinical practice of donor heart preservation 

over the last 20 years. Using this protocol, viable storage of ex-vivo hearts is limited to 

no longer than 4 to 6 hours. In the present study, an oxygen delivering mobile perfusion 

device (ODMPD) was tested to determine if it could extend the ex-vivo heart viability 

using the porcine model. The first set of experiments was conducted to get baseline data. 

Three cadaver hearts were collected and stored for varying lengths of time to simulate 

different storage times using the conventional simple immersion method before being 

placed in the ODMPD for a minimum of 18 hours while monitoring pH, dissolved 

oxygen levels, and solution temperature. The second set of experiments was designed to 

test the ODMPD under real clinical conditions using a porcine model. A series of 13 

experiments was conducted using the porcine model to simulate the conditions that the 

ODMPD would be expected to perform under in a human surgical setting. These 

experiments required the heart to be in the ODMPD from 8 to 24 hours, and in 2 cases 

transported in an airplane or in an automobile to simulate how they would be transported 

for clinical use. After all of the experiments, tissue samples were removed from the 

myometrium of the left ventricles and either fixed for electron microscopy or snap frozen 

for biochemical analysis. The biochemical analysis included testing for ATP, GSH, free 

iron, TBARs, and lipid radicals. After all of the tests were performed, the samples were 

separated by fiinctional outcome of the transplantation and analyzed by group to 

determine correlations between specific biochemical levels and fiinctional outcomes. As 

functionality decreased there was a positive relationship between increase in free iron (r 

vi 



= 9961), lipid radicals (r̂  =9995), and GSH (r̂  =8842). As fiinctionality decreases ATP 

levels decrease (r^=.7961). These observations were supported by microscopic 

observations. Although this is preliminary data, it suggests that the ODMPD can both 

extend the viable life of the organ and could potentially facilitate the harvest of organs 

that were once thought to be marginally damaged by slowing the degradation processes 

that would render the organ useless. 
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CHAPTER 1 

INTRODUCTION 

Heart transplantation has become a widely accepted procedure and the 

recommended treatment for people who are suffering from end stage coronary heart 

diseases. Although it is a widely accepted practice with an estimated one name added to 

the heart transplant registry's waiting list every 16 minutes, only 28 % of those on it are 

estimated to receive one. The two main challenges of heart transplantation are transplant 

organ supply and organ viability. 

The number of hearts donated has declined from 1994 to 2001 (Nathan et al., 

2003). Every day as many as 17 people die due to the lack of heart availability, and 

while artificial hearts or left ventricular assist devices (LVADs) are currently used to help 

extend the time a person can remain on the organ transplant waiting list (Nemeh and 

Smedira, 2003). However, they have not been effective in providing long-term life 

support for the patient. Therefore, the only way to combat deaths due to organ shortages 

is to extend the time that an organ can remain viable ex-vivo, or develop a methodology 

which can improve the quality of marginal organs available for transplant. 

Few changes have been made to the clinical practice of donor heart preservation 

over the last 20 years (Hassanein et al., 1998). This has limited the transplant surgeon's 

confidence in organs that are stored longer than 4 to 6 hours. At four hours the heart is 

reaching the limits of the current preferred method of storage in a simple ice bath with 

some form of cardioplegic solution (Smulowitz et al., 2000). This is still the "gold 



standard" method of heart storage due to its simplicity and low cost, even though it has 

been proven to be less efFactive than oxygenated perfusion methods (Hauet et al., 1998). 

Oxygenated perfiision has three proposed advantages to over simple immersion, 

which include: (1) prevention of ischemia by preservation with oxygen carrying 

solutions, (2) providing better nutritional supplementation, and (3) improving clearance 

of waste products (Smulowitz et al., 2000). 

The objective of this project is to evaluate a new oxygen delivering mobile 

perfusion device (ODMPD) for the storage and transportation of donated hearts. A 

closed circuit continuous retrograde perfusion apparatus constructed of a heavy plastic 

shell to house the cooling unit and the solution reservoir in which the heart is suspended, 

with oxygen being continuously infused into the solution 

Heart Chamber 
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Oxygen Diffusion 
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Cooling system 

Figure LI: Schematic of the oxygen delivering mobile perfusion device (ODMPD). 



A series of three different experiments were conducted to gather baseline data for 

comparison with clinical trials using the porcine model. The first set of experiments were 

conducted to get baseline data. In the preliminary laboratory trials 3 cadaver hearts were 

collected and stored for varying lengths of time to simulate different storage times using 

the conventional simple immersion method before being placed in the ODMPD for a 

minimum of 18 hours while monitoring pH, dissolved oxygen levels, and solution 

temperature. 

The second set of experiments was designed to test the ODMPD under real 

clinical conditions using a porcine model. A series of 13 experiments were conducted 

using the porcine model to simulate the conditions that the ODMPD would be expected 

to perform under in a human surgical setting. These experiments required the heart to be 

in the ODMPD from 8 to 24 hours and in 2 cases transported in an airplane or in an 

automobile to simulate how they would be transported for clinical use. 

The condition of the heart after storage has a profound effect on the outcome of 

the heart transplant surgery. Therefore, it is important to investigate the biochemical 

condition of the heart by measuring various chemicals as a monitor for proper heart 

function post-storage. The last set of experiments was designed to test for different levels 

of biochemical compounds in the heart tissue in an attempt to quantify the ability of the 

heart to perform post-storage. 

The development of a long-term cardio-storage system would be beneficial by 

allowing for the selection of more suitable donor heart recipients, provide a larger donor 

pool and allow more time for detailed tissue typing (Oshima et al, 1999). In order to 



develop such a system, components of the model must merge the physiological, 

biochemical and perfusion demands of the heart encased in a unit that is both easy to 

operate and convenient to transport. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 Organ shortage and the need for transplants 

Since the first successful heart transplant by Dr. Christian Barnard in 1967, heart 

transplantation has provided many terminally ill patients a second chance at life. 

Although this procedure may produce medical miracles, it is currently estimated that only 

28% of the patients on the heart transplant waiting list actually receive a donated heart 

(OPTN, 2003). Two of the main challenges to organ transplantation are transplant organ 

supply and organ viability. 

Donor organ availability is the most important limitation to organ transplantation 

(Delgado et al., 2002). Presently, the supply of acceptable organs cannot fulfill the 

existing demand. For example, the number of donated hearts has decreased steadily from 

2524 in 1994 to 2275 in 2001 (Nathan et al., 2003). Thus, an average of 17 people die 

each day due to the lack of heart availability. The American Heart Association estimates 

that the waiting list for a heart grows at a rate of one new patient name every 16 minutes. 

Another consideration is the length of time that a heart can remain viable during 

transport. Cardiac transplantation, thus far, has not reached its full potential. Most hearts 

are generally preserved by infusion with preservation solutions followed by rapid cooling 

in a 4°C saline bath. Using this methodology, donor hearts can be stored no more than 4 

to 6 hours (Ferrera et al, 2000), because the myocardial tissue has a poor tolerance for 

prolonged periods of ischemia (Chien et al, 2000). Due to the constraints of transport 



time, 66% of the hearts harvested are utilized locally within the same geographical area 

that they were collected. (Nathan et al, 2003). 

Increasing preservation times could potentially increase the donor pool by 

providing adequate time for graft assessment and tissue typing (Chien et al, 2000). With 

better tissue matches between donors and recipients, the success of post-operative 

outcomes would increase while the rejection incidences would decrease. Thus, the 

intensity of immunosuppression drug therapy needed after transplantation and eventually 

the cost of care may also be reduced (Jahania et al, 1999). 

The electrophysiological parameters of the pig are similar to those of man and it is 

an useful model for cardio-electrophysiological studies (Bowman and Hughes, 1984). 

Other studies have examined the use of porcine hearts as possible replacements of failing 

human hearts due to their similar physiology and appropriate hemodynamics, although 

there are differences in drug responses (Rose et al, 2000). Because of their similar size 

and physiology, porcine hearts appear ideal for testing devices designed for prolonged 

storage of human hearts prior to transplant. 

Heart preservation is a multi-faceted problem. Recent work from this laboratory 

has focused on the development of an Oxygen Delivering Mobile Perfiision Device 

(ODMPD) for heart transport to prolong ex-vivo preservation. In theory, an ODMPD 

that can perfuse the heart with a preservation solution, while maintaining temperature, 

flow rate, and oxygen saturation would help increase the transport time. However, in 

order for the equipment to become widely accepted in the medical field it must be 



lightweight, user friendly, durable, and possess an independent energy source. The 

following is a review of the literature pertinent to this work. 

2.2 Current Method of Heart Preservation (Cold Ischemic Storage) 

Few changes have been made in the clinical practice of donor heart preservation 

for transport during the past 20 years (Hassanein et al, 1998). Currently, preservation is 

achieved by immersing the heart in a saline solution or a variety of crystalloid-based 

cardioplegic and preservation solutions to cause hypothermic arrest. Although at 4°C 

these techniques limit heart procurement and safe storage time to 4 to 6 hours, it remains 

the prevalent technique due to its practicality and relatively low cost (Smulowitz et al, 

2000; Hauet et al., 1998). 

Cold ischemic storage is based on the principles of Vant HofPs mle (Qio = 

(k2/ki)'°'^^'"^ (Jahania et al, 1999). HofPs mle states that most enzymes in hypothermic 

organisms decrease in activity by 1.5 to 2 fold for every 10°C decrease in temperature. In 

theory, hypothermic storage at 4°C protects the heart's endothelial cells by limiting the 

increase of permeability induced by hypoxia and by slowing cellular activity (Parolari et 

al, 2002). Though hypothermia does not induce a full metabolic arrest, it does slow the 

rates of biochemical reactions and intracellular enzymes degradation (Jahania et al, 

1999). For example, reductions in oxygen consumption and high-energy phosphate 

depletion (which are essential for cell viability) appear to delay the occurrence of 

degradation or dismption of endothelial cell stmcttires. However, the rate of the 

reparative processes as well as the extent of adenosine triphosphate (ATP)-generating 



reactions are impaired (Parolari et al, 2002). In previous studies, ATP levels dropped by 

more than 50% in the first four hours of ischemia, while inadequate levels of glucose led 

to depletions of the high-energy phosphates (Ramesh et al, 1989). Therefore, as the 

heart is reperfiised with blood in preparation for transplant, it lacks the energy needed for 

a successfiil transplantation, and the probability of a successful surgery is lowered. 

Wang et al. (2001) reported that the degree of myocardial damage is related to the 

period of ischemia. During ischemia, the lack of oxygen and blood prohibits the cell 

from metabolizing nutrients and the removal of waste products. This leads to acidosis 

due to the lactic acid build up from anaerobic metabolism and also the production of 

reactive oxygen species. 

Currently, it is estimated that 12% of harvested hearts become unusable within the 

four to six hour storage period (Dowben, 2003). Taken together, these studies would 

suggest that a more effective means of transport and storage of hearts needs to be 

developed. 

2.3 Continuous Hypothermic Reperfiision 

Obviously, the quality of organ preservation plays a vital role in the minimization 

of organ rejection (Spiegel et al, 1999). An alternative to cold ischemic storage is the 

continuous perfusion of the heart with a preservation solution that provides media 

substrates, oxygen, while maintaining pH and removing toxins. Three possible 

advantages of continuous perfiision over simple immersion include: (I) prevention of 

ischemia by preservation with oxygen carrying solutions, (2) providing better nutritional 



supplementation, and (3) improving clearance of waste products (Smulowitz et al, 2000). 

Scheule and colleagues noted the superior performance of continuous perfiision with the 

University of Wisconsin (UW) solution as opposed to simple cold storage on ice using 

the pig heart model (Scheule et al, 2002). Oxygenated machine perfiision has also been 

shown to increase the viability of livers when compared to simple cold storage (Lauschke 

et al., 2003). While the benefits of continuous perfiision have been known, the previous 

attempts to develop a portable heart transportation device have failed due to the 

complexity and size of the machine (Hassanein et al, 1998). Oshima and colleagues 

(1999) have demonstrated that continuous coronary perfiision can be maintained in a 

portable hypothermic device. 

2.4 Perfusion Solutions 

The effectiveness of cardiac preservation ex-vivo is greatly affected by the 

perfiision solution and its temperature (Jahania et al., 1999). There are at least 167 

different types of solutions for heart preservation currently used in the United States 

(Parolari et al., 2002). The two classes of cardiac preservation solutions are extracellular 

(nondepolarizing) solutions which contain > 70 mmol/L of sodium, and intracellular 

(depolarizing) solutions with < 70 mmol/L of sodium (Jahania et al, 1999). 

Preservation solutions were designed to help hearts tolerate hypothermia once the 

blood was removed (Southard et al., 1995). In order for the heart to remain viable after 

prolonged storage, the preservation solution must provide the heart with the substrates 

that are normally supplied by the blood. 



Ahhough there are many different perfiision solutions, they are usually very 

similar in chemical composition. However, the ideal perfusion solution is yet to be 

developed. To date, the University of Wisconsin (UW) solution has been the "gold 

Table 2 1: Composition of some of the most common preservation solutions. 
Components (mmol/L) 
N a ' 
K" 
Ca^^ 
CI 
Mg^^ 
S04^ 
H2P04^" 
Glucose 
Aspartate 
Glutamate 
Insulin 
Pyruvate 
Adenosine 
Mannitol 
Polyethyleneglycol 
Allopurionol 
D+ raffnose 
Chlorpromazine-HCL 
Procaine hydrochloride 
Lactobionate 
Reduced gluthatione 
Hydroxy ethylstarch 
Histidine 
Hepes 

UW 
125 
30 

-
5 
5 
25 
-
-
-
40UI/L 
-
5 

-
1 
35.36 
-
-
100 
3 
50g/L 
-
-

Celsior 
100 
15 
.25 
41.5 
13 
-
-
-
-
20 
-
-
-
60 
-
-
-
-
-
80 
3 
-
30 
-

LYPS 
110 
20 
1 
150 
4 
-

20 
2 
1.4 
250Ln/L 
2.5 
-
-
2 
-
-
0.7 
-
-
0.3 
-
-
20 

STH-1 
147 
20 
2 
203 
16 
-
-

-
-

-
-
-

-

I 
-
-
-
-
-

Saline 
154 
-
-
154 
-
-
-
-
-
-
-
-
-
-
-
-
-
-

-
-
-
-

UW, University of Wisconsin; LYPS, Lyon preservative solution; STH-I, St. 
Thomas' Hospital N '̂l cardioplegic solution. Adapted from Michel et al, 2000. 

standard" for pancreatic preservation (Uhlmann et al, 2001). It has proven to be 

effective in extending the viability of other intra-abdominal organs such as the liver 

(Sankary et al, 1991) and kidney (Faenza et al, 2001). The UW solution has also been 
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shown to be superior for heart preservation when compared to conventional cardioplegic 

solutions (Wicomb et al., 1994). The success of the UW solution is partly due to several 

of its additives such as, lactobionic acid, raffnose, and hydroxyethyl starch that have 

helped to prevent cellular swelling during periods of ischemia under hypothermic 

conditions (Southard et al, 1995). 

2.5 Physiological Parameters 

It is important to understand how the heart's physiology and morphology is 

affected by heart preservation in order to develop the ideal perfiision device. There are 

several indicators of cellular damage that can be detected to help assess ahered function. 

These measures include mitochondrial condition and cellular morphology. 

The mitochondria plays an important role in maintaining homeostasis by 

producing cellular energy in the form of ATP, regulating cell intracellular Câ ^ levels, 

and the removal of free radicals and reactive oxygen species (Kowaltowski, 2003). 

Therefore, it is important to assess the condition of the mitochondria before and after 

heart storage. During normal conditions, the mitochondria is protected by an outer and 

inner cell membrane which maintains an ion gradient that is used to generate ATP. 

During periods of cellular stress the ion gradient can no longer be maintained and the 

mitochondria begins to swell. One hypothesis is that the swelling of the mitochondria is 

due to the release of cytochrome c from the organelles. This leads to the mpture of the 

outer mitochondrial membrane and thus the onset of apoptosis (Dinsdale et al, 1999). 

Experiments performed by Ferrera and colleagues (2000) showed that the mitochondria 

II 



were the most sensitive sub-cellular component when exposed to prolonged periods of 

hypothermia. 

Several other chemical factors can be measured while the heart is in storage such 

as monitoring of pH, temperature, and oxygen saturation in order to demonstrate that the 

heart is utilizing the nutrients and the oxygen available (Wicomb et al, 1982) 

2.6 Biochemical Parameters 

The condition of the heart after storage has a profound effect on the outcome of 

the heart transplant surgery. Therefore, it is important to investigate the biochemical 

condition of the heart by measuring various chemicals as a monitor for proper heart 

function post-storage. 

Holdefer et al. (1994) suggested that the decreasing cellular levels of glutathione 

(GSH) coupled with increasing levels of Glutathione disulfide (GSSG) during an 

ischemic episode affect the heart's sensitivity to periods of oxidative stress. Glutathione 

is a tri-peptide that plays an important role in many processes relevant to heart 

preservation (Wicomb et al, 1992). Glutathione offers protection by eliminating reactive 

oxygen species (ROS) such as peroxides (H2O2) that can damage hemoglobin and 

myoglobin, as well as the carbon-carbon bonds in the cell membrane. (Voet et al., 2002). 

Glutathione reduces the radical species and is recycled into glutathione disulfide which is 

the precursor to glutathione. If this cycle breaks down due to the inability of the cell to 

remove the reduced radicals, then the mechanism will not work and the cell loses its 

12 



oxidative stress protection. Thus, the depletion of GSH is thought to precede the onset of 

apoptosis in several apoptotic paradigms (Ellerby and Bredesen, 2000). 

Adenosine Triphosphate (ATP) is the normal source of energy for cells. 

Organisms utilize ATP to carry out vital cellular fimctions such as synthesis, transport, 

and contraction (Jackson, 2002). ATP concentrations may be used to indicate the ability 

of the myocardial tissue to acutely recover mechanical function following ischemia 

(Reibel and Rovetto, 1978). Studies on the bioenergetics of mitochondria have led to 

quantitative assessments of cell injury following organ storage (Kuznetsov et al, 1999). 

Free iron (Fe^^) is a highly toxic by-product produced by the degradation of 

myoglobin and hemoglobin. Stolze and colleagues showed that Fe^^ initiates the 

formation of lipid derived free radicals in an anaerobic mixture (Stolze et al, 2000). 

Iron is oxidized during the Haber-Weiss and Fenton reactions in which reactive oxygen 

species (ROS) are created. Furthermore, iron may also act as a catalyst in the production 

of oxygen-derived free radicals during ischemia or at reperfusion (DeBoer and Clark, 

1992). 

Although lipid peroxidation and lipid radical formation are part of normal cell 

function, the unsaturated lipids that make up the cell membrane are particularly sensitive 

to oxidative stress and they can be rapidly oxidized to toxic products such as lipid 

radicals and lipid hydroperoxides (Stolze et al, 2000). Oxidative stress weakens the cell 

membrane making it more permeable. This will lead to decreased functional recovery 

and edema. Oxygen free radicals and oxidative stress are known to be common inducers 

of apoptosis associated with myocardial ischemic reperfusion injury (Galang et al, 2000). 

13 



Thus, the extent of oxidative stress can be measured by analysis of lipid peroxidase and 

lipid radical levels in the heart tissue. 

2.7 Summary 

To date, there is not a single preservation method that has given transplant 

surgeons the confidence to store a human heart for longer than 4-6 hours (Wicomb et al, 

1994). The development of a long-term cardio-storage system would allow for the 

selection of more suitable recipients, provide for a larger donor pool and permit more 

time for detailed tissue typing (Oshima et al, 1999). In order to develop such a system, 

components of the model must merge the physiological and biochemical demands of the 

heart while integrating a perfusion environment to develop a unit that is both easy to 

operate and convenient to transport. 
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CHAPTER 3 

PRELIMINARY LABORATORY EXPERIMENTS 

WITH CADAVER HEARTS 

3.1 Abstract 

Cadaver hearts were obtained from three Yorkshire pigs weighing between 50-60 

kg following their euthanasia in preparation for meat processing. Animals of this size 

were selected to produce hearts similar to an aduh human heart. The hearts were stored 

for varying periods of time in an ice chilled saline bath prior to being placed in the 

ODMPD. The three times that were selected were to represent hearts in varying 

physiological conditions after being stored conventionally. The first heart was stored for 

0 hrs in the saline bath (placed immediately in the ODMPD) and represented a 

physiologically healthy heart. The second heart was stored in the saline bath for 8 hours 

and represented a physiologically dead heart. The third heart was stored in the saline 

bath for 4 hours and represented a physiologically damaged heart that was approaching 

the end of its potential useful life using current storage techniques. Following the initial 

storage in the ice-cold saline bath. All three hearts were placed in the ODMPD and 

perfused for a minimum of 18 hours. After the storage in the ODMPD, samples were 

removed from the myometrium of the left ventricle. Samples from each heart were fixed 

for electron microscopy and biochemical analysis. The pH measurements of the fluid 

increased slightly as oxygen saturated the fluid then stabilized at pH 7.5. The 0-hour 

heart remained within physiological limits for the entire 18 hours. The 4-hour and 8-

hour hearts were above the physiological levels (>7.55 to 7.79) suggesting damaged or 
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dead organs. The DO saturation curves of the fluid from the 4-hour and 8-hour hearts 

were delayed, yet were similar to those of the perfusion solution alone, suggesting that 

little respiration was occurring. The 0 hour hearts DO saturation dropped by -50% 

immediately and remained lower for the 18 hour period. The morphological data 

obtained through the electron microscopy supports the data from both the pH and DO 

saturation measurement. In the 0-hour heart some damage was evident, but not to the 

extreme. The 8-hour heart had evidence of heavy cellular damage to the mitochondria 

(ghosts). In conclusion, these results indicate that the ODMPD can maintain a stable 

environment for donated hearts for at least 18 hours, thus, could extend the "usefiil life" 

of an organ beyond 12 hours. Making organs more readily available across the country. 

However, these were only the preliminary results with a small number of organs and 

further testing needs to be done. 

3.2 Introduction 

Organ transplantation is the last hope of a number of critically ill heart patients. 

However, with the constraints of current transport technologies, hearts can remain viable 

for only a short period (4-6 hours) once removed from the donor's body (Michel et al, 

2000) and must be transplanted as quickly as possible to prevent storage damage. While 

cold static storage of organs would be considered the "gold standard" for organ 

preservation (Hauet et al., 1998), recent studies have suggested that devices which 

circulate a defined, oxygenated perfiision fluid through the cardiac capillary bed might 

provide superior organ storage for the heart (Smulowitz et al., 2000). Previous studies in 
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small animals have suggested that increased storage times are possible using this type of 

system (Oshima et al., 1999). However, the small animal model may not accurately 

predict the response of human organs because the pressure-volume, calcium function 

relationships are yet to be completely characterized for the small animal model. Further, 

recording equipment might not be sensitive enough to accurately monitor changes in the 

scaled down systems (Sutherland and Hearse, 2000). 

Previous studies have examined the use of porcine hearts as possible replacements 

of failing human hearts due to their similar physiology and appropriate hemodynamics, 

ahhough there are differences in drug responses (Rose et al, 2000). Because of their 

similar size and physiology, porcine hearts appear ideal for testing devices designed for 

prolonged storage of human hearts prior to transplant. In the present study, a cadaver 

porcine heart model was used to test a new Oxygen Delivering Mobile Perfusion Device 

(ODMPD) designed for heart storage and transport. Hearts in three states of 

physiological degeneration were placed in the ODMPD and monitored to determine 

baseline levels for the physiological parameters to be used in subsequent transplant 

experiments. 

3.3 Materials and Methods 

Hearts were obtained from animals being processed at the Texas Tech University 

Meat Laboratory, Lubbock, TX. After the pigs were euthanized, their hearts were 

collected and immediately rinsed with chilled University of Wisconsin solution (UW). 

Then the hearts were immersed in a saline bath with crushed ice. The first heart was 
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stored for 0 hours in the saline bath (placed immediately in the ODMPD) and represented 

a physiologically healthy heart. It was perfused for 22 hours. The second heart was first 

stored in the saline bath for 8 hours to create a physiologically nonviable heart and then 

placed in the ODMPD. Following storage in the ice-cold saline bath to induce damage, it 

was placed in the ODMPD and perfused for 18 hours The third heart was stored in the 

saline bath for 4 hours and represented a physiologically damaged heart that was 

approaching the end of its potential useful life using current storage techniques before 

being placed in the ODMPD for 18 hours of perfiision. 

Approximately 30 minutes before each trial, the ODMPD was prepared by filling 

it with cooled Wisconsin Perfiision Solution (Belzer UW, DuPont, Willmington DE), and 

starting the oxygen flow to allow the UW to become oxygen saturated prior to the 

introduction of a heart. Both the temperature setting and oxygen flow rate were 

maintained at constant levels throughout the trial. The perfiision fluid was monitored for 

changes in temperature, pH (Orion Research, Inc., Beverly, MA) and oxygen saturation 

(Orion Research, Inc., Beverly, MA) as indicators of changes in ODMPD's environment. 

These measurements were taken every 10 seconds, starting when the ODMPD was turned 

on and ending approximately 30 minutes after the heart was removed from the ODMPD 

chamber. To allow comparison to baseline levels, the chamber was also prepared as 

above and run for approximately 20 hours without a heart. 

After the trial was over, the hearts were removed from the ODMPD and tissue 

samples were taken from the myometrium of the left ventricle. The samples were either 

placed in cryo-vials and snap frozen by immersion in liquid nitrogen for storage for 
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biochemical analysis, or fixed in glutaraldehyde, and prepared for standard electron 

microscopic examination by the Electron Microscopy Center, TTUHSC. The prepared 

samples were then examined in a Hitachi H-600 Transmission Electron Microscope 

(Hitachi Instruments, New York, NY) to assess cellular damage. 

The data collected from these trials was used as baseline data for comparison to 

the hearts in the later trials that were to be transplanted. All of the pigs used in this trial 

and in the clinical trials are litter-mates in an attempt to decrease pig to pig variation 

3.4 Physiological and Morphological Data 

To determine if the ODMPD and the UW solution would be able to sustain the 

heart ex-vivo, the pH of the perfiision solution was measured throughout the procedures 

in order to determine if the ODMPD could maintain a physiological pH (7.35-7.45) for 

the time frame of the experiments. The dissolved oxygen content was also measured in 

an attempt to detect the oxygen usage by the heart's metabolic processes while under 

hypothermic conditions. The flow and pressure of the UW solution was observed to test 

the equipment's ability to work continuously for up to 24 hours. 

The condition of the heart was determined by ultrastructural examination 

evaluation of the mitochondrial condition post-storage. These tests will help determine if 

the ODMPD would be able to sustain a suitable environment for the heart. 
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3.5 Resuhs 

As expected, the ODMPD provided a temperature-stable environment for the 

entire 18 hours each heart was placed in the unit (Figure 3 1). It was also noted that the 

pH of the solution increased slightly and then stabilized as it became saturated with 

oxygen. In all trials, once the UW solution was oxygen saturated, both the percentage of 

oxygen saturation and pH remained stable until a heart was placed in the chamber 

(Figures 3.2 & 3.3). However, in all cases, introduction of an organ into the ODMPD 

chamber caused a measurable shift in both pH and oxygen saturation. The degree of the 

shift and the length of its duration appeared to be organ dependent. 

Cadaver Heart Trials 
Temperature 

0-Hour Heart 

4-Hour Heart 

8-Hour Heart 

Solution 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

Hours 

Figure 3.1: Shifts in temperature over the storage period in the ODMPD, by solution 
alone and organ storage time in iced saline bath prior to storage in the ODMPD. 
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Figure 3.2: Shifts in pH over the storage period in the ODMPD, by solution alone and 
organ storage time in iced saline bath prior to storage in the ODMPD. 
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Figure 3.3: Percent oxygen saturation over the storage period in the ODMPD, by 
solution alone and organ storage time in iced saline bath prior to storage in the ODMPD. 
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The pH of the 0-hour heart remained within physiological limits for the entire 18 

hour period (Figure 3.2). On the other hand, pH measurements from the 4-hour and 8-

hour hearts remained above physiological levels for the entire 18 hr period suggesting 

these organs were damaged or dead. 

While there was an initial drop in the fluid levels of oxygen in the 4-hour and 8-

hour hearts, the pattern of their fluid's oxygen saturation curves, while delayed, were 

similar to those seen in the fluid alone (Figure 3.3). These data suggest that the hearts 

were damaged or dead and were not able to utilize the media substrates (including 

oxygen) provided. However, the oxygen levels in the fluid from the 0-hour heart 

depressed from a high of almost 80% to approximately 20% saturation within the first 20 

minutes after placement of the organ in the ODMPD chamber (Figure 3.3). Further, the 

levels of saturation remained consistently lower, as compared to the fluid-only control, 

throughout the entire 18 hours the organ remained in chamber and only rebounded to the 

initial saturation level once the organ was removed, suggesting the organ was utilizing 

the oxygen from the fluid. 

These physiological findings were supported by the uhrastructural data. Whereas 

the micrographs of the 0-hour heart appeared morphologically normal, there were 

strurtural changes in both the 4-hour and 8-hour hearts (Figure 3.4). The heart that was 

held on ice for 4 hours before being transferred to the ODMPD showed significant 

swelling of the mitochondria and distortion of the internal membrane structure. The 

damage was even more significant in the 8-hour heart where the entire internal structure 

was destroyed (mitochondrial ghosts). 
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Figure 3.4: First row, 0 hours in saline, normal mitochondria. Second Row, 4 hours in 
saline, swollen of the mitochondria. Third Row, 8 hours in saline depleted mitochondria 
(mitochondrial ghosts). AH three hearts were perfused in the ODMPD for a minimum of 
18 hours. 

3.6 Discussion 

These results suggest that the ODMPD can maintain a physiologically suitable 

environment for long term heart storage. Thus, it might be able to extend the "useful 

life" of an organ to 12 hours and beyond, potentially providing more organs for 

transplantation. With the growing shortage of donor hearts, the ODMPD could serve as a 

useful tool in an attempt to expand the area for which a heart could be transported as well 

as improving the donor/recipient matches. 
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CHAPTER 4 

CLINICAL TRANSPLANTATION EXPERIMENTS 

4.1 Introduction 

Heart transportation and storage methods have not evolved as fast as the surgical 

heart transplantation techniques. The heart is still predominantly transported in a bag of 

ice with some sort of cardioplegic solution. This process limits safe organ transplant time 

to about 4 to 6 hours (Smulowitz et al, 2000). This remains the preferred method of 

transportation due to its simplicity and low cost (Hauet et al, 1998). It has been reported 

that hypothermic storage lead to build up of intracellular sodium and chloride by 

inhibition of the sodium-potassium ATPase (Gizewski et al, 1997). During this time the 

heart is metabolizing under anoxic conditions, thus leading to numerous problems 

including build up of harmful metabolites and the depletion of energy stores in the form 

of glucose thus limiting the heart's potential to function normally after the transplant. 

This has been demonstrated by the study of the biochemical interactions in the 

mitochondria and has led to the ability to quantitatively assess cell injury following organ 

storage (Kuznetsov et al, 1999) 

Previous research has demonstrated the difficuhies involved in using the small 

animal heart to model experiments on human cardiac physiology due to the pressure-

volume, calcium fijnction relationships that are yet to be completely characterized, and 

the equipment must be miniaturized in order to acquire adequate measurements with 

more sensitive equipment (Sutheriand and Hearse, 2000). Previous research has 

examined the use of porcine hearts as both a model of the human system and as a 
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possible replacement organ for failing human hearts, due to their similar physiology and 

appropriate hemodynamics (Rose et al, 2000). Although the research has described 

differences in drug responses, the isolated pig heart would appear to be the optimal model 

for testing devices intended for human use. 

The present study was designed to test a new system for transporting human 

hearts. The system, an oxygen delivering mobile perfusion device (ODMPD), was 

designed to provide oxygen and media substrates in a continuous circulating bath to the 

heart during transport. In order to test the ODMPD under real clinical conditions, a series 

of 13 experiments were conducted using the porcine model to simulate the conditions that 

the ODMPD would be expected to perform under in a human surgical setting. These 

experiments required the heart to be in the ODMPD from 8 to 24 hours and in 2 cases 

transported in an airplane or in an automobile to simulate how they would be transported 

for clinical use. 

4.2 Materials and Methods 

The oxygen delivering mobile perfiision device (ODMPD) is a closed-circuit 

continuous retrograde perfiision apparatus constructed with a heavy plastic shell to house 

the cooling unit and the perfusion solution reservoir that the heart is suspended in. The 

oxygenated perfiision solution is perfused at .75 to .97 mL per minute with a pump 

pressure of .51 to .9 atmospheres. Oxygen is continuously infused to the perfiasion 

solution at a rate of 1/8 liter per minute which is half the rate that the oxygen was infiised 

in the preliminary laboratory test on the cadaver hearts. The decrease would still provide 

25 



enough oxygen in the solution to be readily available for the heart, it would just reduce 

the waste involved with the presence of excess oxygen in the solution. 

Donor animals underwent anesthesia followed by induced brain death. Brain 

death was induced by a sudden increase in intracranial pressure produced by inflating a 

16 F Foley catheter in the subdural space with a 20 ml volume of water over a 3 minute 

period. One hour following intracranial balloon inflation, brain death was confirmed by 

standard clinical observations. These included a flat-line EEG, positive apnea test, fixed 

and dilated pupils both before and after analgesic and anaesthetic agents were withdrawn. 

Interventions designed to enhance donor heart preservation were only administered after 

brain death as described in the experimental groups. 

A standard median sternotomy and an anterior pericardiotomy was done to expose 

the heart. Hemispheric ultrasonic dimension transducers were positioned across the base-

apex major axis, anterior-posterior minor axis diameters of the left ventricle, and the 

septal-free wall minor axis diameters of both the right and left ventricles to measure left 

and right ventricular cavity volumes. Millar pressure catheters were placed in the right 

and left ventricle, left atrium, and pulmonary artery for continuous pressure recording of 

right and left ventricular pressures as well as end-diastolic right and left ventricular 

pressure. An inflatable cuff occluder was placed around the inferior vena cava. Coronary 

flow probes were placed on the left anterior descending and circumflex coronary arteries. 

Measurements of donor cardiac fiinction and coronary flow were made 

immediately before and at 15, 30, 45, and 60 minutes after brain death. Cardiac 

dimensions, pressures and coronary blood flow were digitized on-line. Interactive 
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computer programs (Conduct 2000, Leycom, The Netherlands) pennitted: (i) derivation 

of the LV and RV chamber volumes from the ultrasonic dimension data; (ii) plotting of 

LV and RV pressure-volume diagrams; (ill) calculation of stroke work, Tau, the end-

diastolic pressure-volume relationship (EDPVR) and three linear indices of ventricular 

contractility: the end-systolic pressure-volume relationship (ESPVR), the dP/dtmax -end-

diastolic volume (EDV) relationship and the relationship between stroke work and EDV, 

termed the preload recruitable stroke work (PRSW) relationship. 

The superior and inferior vena cava was distally ligated followed promptly by 

crossclamping of the ascending aorta at the origin of the brachycephalic artery. One liter 

of aspartate-enriched extracellular based high potassium cardioplegic solution was 

infused at 4°C into the aortic root via a 16-gauge cannula and the heart was vented by 

incision of the superior vena cava and right pulmonary veins distally. A topical normal 

saline solution at 4°C was applied to the surface of the heart after transfusion with one of 

two cardioplegic solutions (Celsior; Sangstat, Fremont CA, or Belzer UW, DuPont, 

Willmington, DE) in standard traditional fashion and stored at 4°C for 8 hours or longer. 

After the ex-vivo perfusion period, the recipient animal underwent anesthesia in 

the same manner as the donor. The chest was opened by a midline sternotomy and the 

animal was anticoagulated with 350 lU/kg of heparin prior to being placed on 

cardiopulmonary bypass as follows: a 16F arterial cannula was inserted into the femoral 

artery and venous drainage was done via bicaval cannulation with a 28F cannula for the 

inferior vena cava and a right-angled 24F cannula for the superior vena cava, both 

inserted as distally as possible in preparation for cardiopulmonary bypass. During 
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bypass, the core temperature was reduced to 32°C, and rewarming was initiated during 

anastomosis of the pulmonary artery. The flow rate was maintained between 80 and 100 

ml/kg per minute so as to keep the mixed venous O2 saturation higher than GST and 

mean arterial pressure was maintained in the range of 50 to 70 mm Hg, Orthotopic 

transplantation of the donor heart was performed using the classical ("gold standard") 

Shumway technique of bilateral aortic anastomosis. Following completion of the 

transplant, micromanometers and flow probes were reattached, the heart was reperfused 

and the animal weaned from cardiopulmonary bypass. Inotropic support was withdrawn 

during the first hour prior to measurement of myocardial function and coronary blood 

flow. Then the pig was euthanized. 

After completion of the functional assessment and euthanization of the pig, the 

hearts were removed from the ODMPD and tissue samples were taken from the 

myometrium of the left ventricle. The samples were either placed in cryo-vials and snap 

frozen by immersion in liquid nitrogen for storage for biochemical analysis, or fixed in 

glutaraldehyde and prepared for standard electron microscopic examination. Other 

samples were prepared for histological and ultrastructural examination. 

4.3 Results 

The first 3 experiments were set up as training and logistics to help prepare for the 

upcoming surgeries. Experiments 4 through 9 were designed to test the system using the 

original cardioplegic solution, Celsior. Experiments 10 through 13 were designed to 

monitor the conditions in the ODMPD and to test its ability to fiinction in a clinical 

28 



environment using the University of Wisconsin Solution (UW). These experiments 

involved monitoring pH shifts, dissolved oxygen fluctuations, and temperature changes in 

the ODMPD over the length of storage. 

Table 4.1: Summation of clinical heart transplantation surgeries and outcomes. 

Procedure 
#1 
#2 
#3 
#4 
#5 
#6 
#7 
#8 
#9 
#10 
#11 
#12 
#13 

Procedure 
Date 
10-24-01 
10-31-01 
11-2-01 
11-6-01 
11-7-01 
11-13-01 
11-15-01 
12-4-01 
12-6-01 
3-13-02 
3-14-02 
4-3-02 
4-4-02 

Duration 
of 
Perfiision 
23 
21.5 
11 
24 
12 
11 
10 
11 
11 
13 
24 
11 
8 

Events 
during 
perfusion 

Note#l 

Note #2 
Note #3 

Heart 
Transplanted? 

Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Did heart 
beat? 

Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 

Length of 
fiinction after 
transplant 

60 min 

30min 
20 min 
48 min 
25 min 
40 min 
Note #4 
20 min 
Note #5 

Note #1 - The recipient animal died an anesthetic death. 

Note #2 - The ODMPD containing the heart being perfused was transported in the back seat of 
an automobile for 5 hours. 

Note #3 - The ODMPD containing the heart being perfused was transported in an airplane for 3 
hours and to an altitude of 8,000 feet for at least 30 minutes. 

Note #4 - Transplanted heartbeat, but contractions were not sustained. 

Note #5 - Heart began beating spontaneously. 

These experiments again demonstrated that the ODMPD could maintain a 

physiologically stable environment for the heart for a prolonged time even while being 

transported. It was noted that the solution temperature of heart #11 dropped below 2°C, 

freezing the heart (Figure 4.1), and would explain the decreased oxygen consumption 
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detected in this organ as well as its good physiologic condition when evaluated with 

electron microscopy. 

Experimental hearts 10, 12, and 13 all demonstrated consistent oxygen usage as 

shown by the lower dissolved oxygen percentages along with pH that stayed in or near 

the physiological pH (Figure 4.2 & 4.3). 

Clinical Heart Transplantation Trials 
Solution Temperature 

•10 Damaged 

•11 Nonfunctional 

12 Damaged 

•13 Functional 

8 10 

Hours 

Figure 4.1: Solution temperature in degrees C over the storage period in the ODMPD, 
divided by experiment number and functional outcome. 
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6 
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Figure 4.2: Percent oxygen saturation over the storage period in the ODMPD, divided 
by experiment number and fiinctional outcome. 

Clinical Heart Transplantation Trials 
pH 
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0 2 4 6 8 10 
Hours 

Figure 4.3: pH shifts over the storage period in the ODMPD, divided by experiment 
number and fiinctional outcome. 
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Heart samples from experimental hearts 11, 12, 13 and laboratory heart 3 were 

sent to Brown University for confocal and electron microscopy (Figures 4.4 & 4.5). 

Experimental 
Heart 
11 

12 

Description 

Heart was excised and placed in the ODMPD 
for 24 hours. Transported in airplane at 8000 
feet for 30 min. This heart froze. 

Heart was in the ODMPD for 11 hours. The 
heart was transplanted and beat for 20 minutes 
before being terminated. 

Condition 

Good microfilament 
ultrastructure, good 
mitochondria condition, 
depleted glycogen 
Good microfilament 
ultrastructure, good 
mitochondria condition, 
depleted glycogen 

Overall 
condition 

Good 

Good 

Figure 4.4: Column one is confucal microscopy, column two and three are electron 
microscopy at different magnifications and the pathological report on each tissue sample. 

32 



' 3 

Experimental 
Heart 
13 

Laboratory 
heart #3 

Description 

Heart was in the ODMPD for 8 hours. The 
heart was transplanted and beat 
spontaneously for 20 minutes before being 
terminated. 
Heart was removed from pig and held in ice 
and saline for 4 hours before bemg attached 
to the ODMPD for 18 hours of continuous 
perfusion with UW solution. 

Condition 

Good microfilament 
ultrastructure, some 
mitochondria degradation, 
depleted glycogen 
Degraded microfilament 
ultrastructure. 
Degradation of the 
mitochondria, depleted 
glycogen 

Overall 
condition 

Intermediate 

Damaged 

Figure 4.5: Column one is confucal microscopy, column two and three are elecfron 
microscopy at different magnifications and the pathological report on each tissue sample. 

The decreased glycogen levels indicate that the cells are undergoing glycolysis 

and metabolizing intracellular glycogen in an attempt to maintain an equilibrium between 

high energy phosphate utilization and synthesis (Vemuri et al , 1989). This data coupled 

with the dissolved oxygen levels imply that the hearts are using the oxygen during the 
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metabolic process as well. The normal mitochondrial condition supports the assumption 

that the cells were able to maintain the critical ion gradient that is necessary for proper 

mitochondrial fiinction for ATP synthesis. 

The cell ultrastructure shows that the morphology of the cells was not severely 

damaged. Laboratory heart #3 that was kept in the saline ice solution for 4 hours 

represented a physiologically damaged heart. These results clearly show that after 4 

hours of storage in the ice saline bath that the potential of having a functional heart after 

the transplant surgery is significantly diminished due to the degradation of the 

microfiliment ultrastructure and mitochondria. 

The samples from heart #11 show that the heart was in good shape when it froze 

in the ODMPD. This explains the good cell physiology and morphology even though the 

heart was not fiinctional after the transplant surgery. 

The EM samples from hearts #12 and #13 showed minimal signs of damage and 

the hearts performed very well after the transplantation surgeries. 

Although we were not able to get any EM pictures of any of the hearts perfused 

with the Celsior solution, the data shows that the hearts perfused with it did not do as well 

as hearts stored for comparable times with the UW solution. 

4.4 Discussion 

All of the data collected during these 13 experiments demonstrated that the 

ODMPD could play a central role in the fiiture of heart storage and transportation. The 
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biochemical data coupled with the functional outcomes of the hearts also demonstrated 

that the UW solution was superior to the Celsior solution when used in the ODMPD. 

Hassanein and colleagues (1998) stated that optimal storage techniques should 

meet four conditions: (1) prevention of ischemia reperfiision injury, (2) minimization of 

cell swelling and edema, (3) Prevention of intracellular acidosis, and (4) provision of 

substrate for regeneration of high energy phosphates following reperfijsion. Although the 

ODMPD was not able to completely eliminate the adverse effects of ischemia reperfusion 

injury, it was able to reduce them by maintaining a stable hypothermic environment as 

well as supplying the heart with media substrates and the oxygen it needs in order to 

maintain functionality in a lower metabolic state. The buildup of harmful metabolites 

were impeded by providing adequate flow of perfusion solution through the vascular beds 

for increased vascular waste clearance. 

The concept of having an oxygen delivering mobile perfiision device is not new. 

Studies have repeatedly proven such systems more effective than simple immersion in 

maintaining cardiac fiinction. However, a system has yet to been made that is widely 

accepted or readily available. The current described system appears to fit all necessary 

requirements, because it is relatively light weight and can maintain organ physiology for 

extended periods of time (> 8 hr) and should be economically competitive with current 

technology. 
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CHAPTER 5 

BIOCHEMICAL ANALYSIS 

5.1 Introduction 

The biochemical condition of the heart during and after storage plays a vital role 

in the post-operative outcome of the transplantation procedure. The presence or absence 

of certain chemicals can serve as indicators of its functional status. Reibel and Rovetto 

(1978) used ATP concentrations to predict myocardial tissue's ability to recover 

mechanical fiinction following periods of ischemia. Glutathione offers protection against 

reactive oxygen species (ROS) and when depleted is thought to precede the onset of 

apoptosis (Ellerby and Bredesen, 2000). Free Iron (Fe ^ )̂ initiates the formation of lipid 

derived free radicals under anaerobic conditions, and may act as a catalyst in the 

production of oxygen-derived free radicals during ischemia and reperfusion (Stolze et al, 

2000, DeBoer and Clark, 1992). 

The extent of oxidative stress can be quantified by measuring the amounts of lipid 

radicals and lipid peroxides present in the cardiac tissue. During periods of oxidative 

stress lipid radicals and lipid peroxide accumulation can rapidly become toxic by 

oxidizing the unsaturated lipids of the cell membrane (Stolze et al, 2000). The oxidative 

stress weakens the cell membrane making it more permeable and thus lead to decreased 

functionality and edema after prolonged storage. Oxygen free radicals and oxidative 

stress are known to be common inducers of apoptosis associated with myocardial 

reperfusion injury (Galang et al, 2000). 
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As storage methods for organs are improved, it is imperative to understand their 

influence on these biochemical parameters in order to evaluate its potential shortcomings 

and benefits. The present study is designed to test a new system for transporting human 

hearts. The system, an oxygen delivering mobile perfiision device (ODMPD), was 

designed to provide oxygen and media substrates in a continuous circulating bath to the 

heart during transport. 

5.2 Materials and Methods 

Ten hearts were recovered following storage in the ODMPD and/or 

transplantation. After each of the heart transplant surgeries was completed, the donor 

heart was removed from the recipient animal and tissue samples were removed from the 

left ventricle of each heart for biochemical analysis. This process was accomplished 

within 20 minutes of the heart being excised from the recipient animal or the ODMPD 

after clinical trials. Samples were taken from the following sections of the hearts as 

follows: 10 samples each from the inner, the middle, and the outer areas of the 

myocardium for biochemical testing. The samples were removed, placed in cryo-vials, 

and snap-frozen in liquid nhrogen where they were kept frozen for storage until all 

laboratory trials and transplant surgeries were completed. After all of the trials were 

completed, samples from each recovered heart were removed and tested for adenosine-5'-

triphosphate (ATP), glutathione (GSH), free iron (Fe^^), TBARs (lipid peroxidation), 

and lipid radical levels. 
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5.3 Adenosine-5'-triphospathate f ATP) Determination 

The assay used for adenosine-5'-triphosphate (ATP) was developed based on a 

procedure developed by Dieter Jaworek, Wolfgang Gruber and Hans Ulrich Bergmeyer 

as described in Methods in Enzymology (1974). 

The samples that were tested were weighed upon removal from the liquid 

nitrogen. Then .9 M perchloric acid was added at 2 parts by weight to the samples, 

homogenized and sonicated. Next .2 M perchloric acid was added to the sample at a third 

of the volume of .9 M perchloric acid in the previous step. Then the samples were 

centrifiiged at 3000g for 10 minutes at 2° C. 400 pL of supernatant was then transferred 

to new tubes. The pH of the individual samples was then adjusted to 6.0-6.5 using 

potassium hydroxide. The samples were then centrifiiged again prior to starting the assay 

to insure that the samples were free of tissue or precipitate particles. Standards were 

prepared with known ATP concentrations of 50, 25, 12.5, 6.25, 3.125, 1.56 pg of 

ATP/mL (Sigma). 

Absorbance one was measured by mixing 300 pL of the sample supernatant, 17 

pL NADH solutions, and 833 pL of triethanolamine buffer in a clean UV safe cuvette 

and absorbance was recorded at 340 nm. 

Absorbance two was measured by adding 17 pL PGK/GAPDH solution to the 

sample cuvette (make sure to vortex the PGK/GAPDH solution before adding to each 

sample since it will separate) then it is mixed and incubated for 5 min at 30° C and 

absorbance 2 was recorded at 340 nm in a spectrophotometer (Coleman 575, Perkin-

Elmer; Oak Brook, IL). 
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5.4 Glutathione fGSH) Determination 

The samples were removed from the liquid nitrogen and weighed and fresh PBS 

was added at 2 parts by weight. The samples were then homogenized, sonicated, and 

centrifuged at 9000 rpm for 15 minutes. Next 100 pL of supernatant was diluted with 

100 pL of PBS and transferred to a new tube for further centrifiigation at 9000 rpm for 15 

minutes. The 200 pL of supernatant was removed (while being carefiil not to take any of 

the sediment) and placed in the 10,000 kilo dalton Par Nanosep® centrifiagal fihers and 

centrifiiged at 5000 rpm in 5 minute increments until all possible supernatant had passed 

through the fiher. The standards were prepared with 16.2 to 2.025 pM standard GSH 

solution (Sigma). 

Absorbance was measured by taking 25 pL of sample supernatants and 75 pL of 

Ellman's solution was added to a clean 96 well Eliza plate. Absorbance was measured at 

405 nm wavelength using a Bio-Rad plate reader (Bio-Rad 3550-UV, Hercules, CA). 

5.5 Free Iron (Fe^^) Determination 

Free iron was determined by using a Pointe Scientific Free Iron assay. Samples 

were removed from liquid nitrogen and weighed. Fresh PBS was added to the sample at 

2 parts by weight, homogenized, and sonicated, then the samples were centrifiiged at 

9000 rpm. Then 100 pL of the supernatant was diluted with 100 pL of PBS and 

transferred to a new tube for fiirther centrifiigation at 9000 rpm for 5 minutes. Next 200 

pL of the supernatant was removed while being carefiil not to take any of the sediment. 
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placed in the 10,000 kilo dalton Par Nanosep* centrifiigal filters and centrifiiged at 5000 

rpm in 5 minute increments until all possible supernatant had passed through the filter. 

Absorbance one was measured by adding 100 pL of sample supernatant and 1,250 

pL of iron buffer reagent to a clean UV safe cuvette, mixed, and absorbance one was 

measured at 560 nm. 

Absorbance two was measured by adding 25 pL of iron color reagent to each 

sample, where it was mixed, and incubated at 37''C for 10 minutes then absorbance 2 was 

recorded at 560 nm. 

5.6 Lipid Peroxidation (TBARs) Determination 

The samples were removed from the liquid nitrogen, weighed and fresh 0.10 M 

KOH solution was added at 4 parts by weight to the samples. Then the samples were 

mixed with 200 pL of SDS solution, 1.5 mL of 20% AA solution (at 3.5 pH), 1.5 mL 

TBAR solution (1.6 g 2-thiobaritric acid with 200 mL of deionized water) and 600 pL of 

deionized water. After vortexing, the samples were incubated in a 100°C water bath for 2 

hours. The samples were cooled for 10 minutes at room temperature before being 

centrifiiged at 2000 rpm for 10 minutes. A 0.5 mL sample was again extracted from each 

tube and mixed with 2 mL of butanol and centrifiiged at 2500 rpm for 10 minutes. Each 

fluid sample was transferred into a glass cuvette for analysis at 532 nm wavelength in a 

spectrophotometer (Coleman 575, Perkin-Elmer; Oak Brook, IL). 
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5.7 Lipid Radical Determination 

The samples for lipid radical determination were also extracted from the samples 

prepared for lipid peroxidation detennination. 250 pL samples were taken from each 

specimen and placed in a pre-labeled 12 x 75 mm glass tube. After diluting each sample 

in 2 mL of a 2:1 chloroform: heptane mixture, each sample was thoroughly vortexed. The 

samples were then centrifiiged at 2500 rpm for 10 minutes. Next 700 pL of fluid was 

extracted from each sample and transferred to a new set of glass tubes, where the samples 

were dried under the flow of normal air at ambient temperatures for 15-20 minutes. The 

dried extracts were reconstituted in 2 mL of heptane before analysis with a 

spectrophotometer at 233 nm wavelength. The control contained 250 pL of water instead 

of sample. 

5.8 Resuhs 

All of the samples were grouped together according to post-transplant outcome in 

order to see if there were common trends in the biochemical analysis in an attempt to 

establish different treatment groups. The groups were classified as functional, damaged, 

and nonfiinctional 

The fiinctional group consisted of 3 hearts including the control heart which was 

removed from a donor pig that died on the table prior to the heart's removal. One of the 

hearts was stored for 8 hours in the ODMPD and began beating spontaneously, and 

another heart that was stored in an ice saline bath for 30 minutes prior to 18 hours of 

storage in the ODMPD. 
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The 3 damaged hearts included experimental hearts 10, 12 and laboratory heart 3. 

This group included hearts that were transported in an automobile for 5 hours while being 

perfiised for 13 hours, a heart that was perfiised for 11 hours, and the a heart that was 

stored in an ice saline bath for 4 hours before being perfiised for 18 hours. 

The nonfunctional group consisted of 4 hearts including experimental hearts 7, 8, 

11, and laboratory heart 2. These are hearts that were transported for 10, 11 and 24 hours 

in the ODMPD, as well as a heart that was stored in an ice saline bath for 8 hours prior to 

being perfiised in the ODMPD for 21 hours. 

Table 5.1: Sununation of biochemical analysis and fiinctional outcome. 

Functionality 

Non-
Functional 
Non-
Functional 
Functional 

Non
fiinctional 
Damaged 

Damaged 
Non-
fiinctional 
Damaged 
Functional 
Functional 

Experimental 
Heart 
7 

8 

0 hours in 
saline 
8 hours in 
saline 
4 hours in 
saline 
10 
11 

12 
13 
Control 

ATP 
pg/gwt 
2.6197 

3.2519 

0.2738 

5.6033 

2.0584 

2.9563 
-

3.8770 
1.8898 
11.0747 

GSH 
(iM/gwt 
.339 

.730 

.606 

.998 

.5225 

.414 

.921 

.631 

.557 

.25 

Free Iron 
pg/gwt 
.1659 

.1655 

.0830 

.0751 

.1608 

.0316 

.0810 

.1254 

.0604 

.1145 

TBARS 
AU/gwt 
138.5724 

183.2454 

170.2005 

151.4944 

148.4177 

141.8952 
166.3854 

118.0204 
154.3249 
115.4360 

Lipid Radicls 
AU/gwt 
2.0000 

1.7600 

1.2520 

1.5040 

1.1760 

1.4680 
1.6160 

1.8960 
1.2880 
1.4280 
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Damage at Different Levels 

0.5000 

Functional Damaged Nonfunctional 

Figure 5.1: Summary of correlation between different biochemical test and the fiinctional 
outcome of the treatment groups. 

5.9 Discussion 

These resuhs indicate that there is a quantifiable difference in the biochemical 

levels of expression in the different treatment groups. These resuhs also support the 

concept that the fiinctional recovery of the heart can be predicted by chemical analysis. 

One would expect the GSH concentrations to decrease as functionality decreases due to 

the inability of GSSG to be oxidized back to GSH. The rise in GSH levels could be 

misleading since we did not test for GSSG. The assay only checked for the presence of 

SH groups in the sample. The rise could include other SH groups that were able to enter 
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the cell as the cell membrane weakened and became more permeable to the extracellular 

solutions. 

The rise in lipid radicals also correlates with the slight rise in free iron 

concentrations and appears to supports the work of DeBoer and Clark (1992) who 

postulated that iron acts as a catalyst in the production of oxygen-derived free radicals 

during ischemia-reperfiision injury. 

The decrease in ATP is negatively correlated with the rise in TBARs in the 

functional and damaged hearts. This is expected as the cells lose their ability to produce 

ATP as a byproduct of glycolysis and thus the cell is not able to remove the lipid 

peroxides from the cell. This correlation was not significant in the nonfunctional group. 

As the peroxides and lipid radicals accumulate in the cell and weaken the cellular 

membrane, the ATP and peroxides could diffuse across into the perfusate much easier 

therefore lowering the intracellular concentrations. This data appears to support the work 

of Reibel and Rovetto (1978) who used ATP concentrations to predict myocardial 

tissue's ability to recover mechanical fiinction following periods of ischemia. 

This data would support that the ODMPD can maintain a biochemically favorable 

environment for extended periods of time and may in turn be able to extend the time that 

a heart can remain viable ex-vivo and therefore increase the number of potentially useful 

hearts for transplantation. 
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CHAPTER 6 

IMPLICATIONS 

Heart transplantation remains the best hope for patients with a number of cardiac 

diseases. However, the availabiHty of transplantable hearts is limited by both numbers of 

organs donated for transplantation and the lifespan of the organ once it is removed from 

the donor's body. As a donated heart reaches the end of its useful life, it will metabolize 

its glycogen stores to generate ATP. Glycolysis is not an energetically favorable reacticm 

and will lead to accumulation of harmful metabolites such as lactic acid (Jackson, 2000). 

These processes will be expedited in an anaerobic environment (Parolari et al, 2002). As 

the tissues become more acidic due to the production of lactic acid the lipid membrane 

becomes more permeable and leaky. As the lipid peroxides and lipid derived oxygen free 

radicals are generated by the Harber-Weiss and Fenton reactions fiirther deplete the lipid 

bilayer thus causing the cell to lose control over the critical ion gradients that are 

necessary for proper cell fiinction. The release of ferric iron from the damaged cell will 

also expedite the degradation of the cell by acting as a catalyst for the production of more 

lipid radicals and free oxygen radicals (DeBoer and Clark, 1992). It is apparent that 

once the heart starts to degrade it perpetuates its own demise. 

In order to extend the useful life of an organ, one must eliminate or slow these 

degradative processes. In theory, the oxygen delivering mobile perfusion device 

ODMPD works on several principles that are designed to combat these derogative 

processes. First, the use of a hypothermic environment is an attempt to slow glycogen 
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and high-energy phosphate utilization, which would slow down the metabolic processes 

of the cells and thus extending its energetic potential. Retrograde perfusion is used to 

deliver a steady flow of media substrates and oxygen and help with the clearance of 

harmfiil metabolites from the vascular beds of the left ventricle. The left ventricle is 

responsible for supplying the flow of blood systemically and therefore is critical to have a 

fiinctional left ventricle to sustain an active life. The perfiision solution provides a 

medium for the fransport of media substrates, buffers, and oxygen. The infiision of 

oxygen is essential for normal cardiomyocyte metabolism thus slowing the onset of 

acidosis. 

Data from the laboratory experiments with cadaver hearts demonstrated that the 

ODMPD could maintain a physiologically suitable pH, adequate dissolved oxygen, and a 

stable temperature for a donated heart for at least 18 hours. These trials provide 

information as to the ability of the ODMPD to slow cell degradation by demonstrating 

that a heart stored for 4 hours in simple immersion can still appear physiologically 

suitable after another 18 hours of storage in the ODMPD. This umt can extend the useful 

life of the organ more than seven times. 

Biochemical evaluation of the heart samples demonstrated that there is still a limit 

as to the length of time that a heart can be stored, due to the ongoing metabolic processes 

even under hypothermic conditions. This being said, the ODMPD still increases the 

useful life of the heart by slowing depletion of high-energy phosphates and helping the 

cardiomyocytes maintain themselves and by helping eliminate the harmful metabolites 
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fix)m the tissue. It is important that the perfiision solution provides protection against 

oxidative stress and as well as adequate nutritional supplementation. 

The clinical transplant experiments helped demonstrate that the ODMPD could 

keep a heart viable for 24 hours. In fact, in at least one experiment with a heart stored for 

8 hours, demonstrating that after 8 hours of storage the heart was in good enough 

physiological condition that it was able to maintain a strong and steady spontaneous 

heartbeat. These experiments also demonstrated the ability of the ODMPD to maintain 

the high-energy phosphates of the cardiomyocytes enough so that they were able to beat 

spontaneously. 

The clinical transplants demonstrated that the ODMPD could handle the rigors of 

real worid transport while maintaining a stable hypothermic environment and providing 

the heart with the media substrates it needs while in a quiescent state ex-vivo. Previous 

experiments show that the ODMPD could be a valuable tool for the storage of donated 

hearts and could possibly expand the heart donor pool by allowing for the transport of 

organs to other organ transplant centers at further distances and also allow time for more 

detailed tissue typing and donor matching (Oshima et al, 1999). Together with the 

current data, these resuhs suggest this technology will not only be usefiil in the extended 

transport times of heahhy organs, but could also facilitate the harvest of organs that were 

once thought to be marginally damaged by slowing the degradation processes that would 

otherwise render the organ useless. 

Although this preliminary research has been very encouraging, there are still 

many tests that need to be run in order to fially conclude this research. Samples should be 
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taken from the perfusion solution at intervals over the storage period to measure ion 

concentrations and the presence of metabolic metaboHtes. A series of biopsies should be 

taken from the left ventricle and fixed for confocal and electron microscopy over the 

storage so that the cellular morphologic and physiologic changes can be monitored. 

Although the University of Wisconsin solution has proven to extend organ viability and 

overall uhrastructural integrity, other perfiision solutions should be evaluated as well 

(Parolari et al., 2002). 
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