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ABSTRACT

While still controversial, cryopreserved heart valves have demonstrated
longer life-spans over fresh grafts once transplanted. Yet there remains room
for improvement. This study examined the osmotic parameters that define
the freezing response of endothelial cells and fibroblasts of heart valve
leaflets during cryopreservation. The parameters were used in a simulation
program devised to model cryopreservation procedures. Simulations were
performed to examine cell response to different components of
cryopreservation, as well as graded freezing simulations. Data from graded
freezing experiments were compared to virtual graded freezing experiments
to determine limits of cellular response. These observations were able to
allow us to recommend changes to the current procedure that will improve the
life-span of heart valves after cryopreservation and transplantation by
reducing antigenicity and increasing fibroblast recovery. This investigation
served practical purposes in clinical medicine as well as demonstrated the

concepts of selective preservation and solute centralization in cryobiology.
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CHAPTER 1
GENERAL INTRODUCTION

1.1. Cryobiology
Cellular Cryobiology

Whether we realize it or not, cryobiology affects most peopie in this world
in one way or another. In the deep winters of Canada, the breadth of this
evolving science is more apparent since animals need to find some way to
cope with the chilling temperatures of the harsh winters. Frogs have been
known to freeze completely and revive in spring with warmer temperatures
(21) and arctic flounders live in sub-zero salt-water without freezing (27).
Cryobiology however has greater applications. Every autumn, farms and
orchards fear the damage to crops from frost. Millions of dollars can be lost
each year. Tomatoes, oranges, grapes and other fruits and vegetables are
sensitive to the effects of dropping temperatures. On the other hand, fruits
and vegetables are also frozen for storage. By simply walking through the
freezer aisle in the local grocery store, one will find frozen berries, potatoes,
peas, carrots, etc. Food scientists research the effects of freezing and
thawing on products to determine the food quality following the process.

Cryobiology as a natural system can be separated into two different

forms. In the first instance, cryobiology can be used to cryopreserve
biological matter. This includes plants, seeds, cells, tissues, and organs. The
purpose of cryopreservation is to maximize the number of viable cells

following freezing and thawing. In the second instance, cryobiology can be



used in cryosurgery. The purpose of the freeze-thaw process in this case is
to kill cells. Cryosurgery has been researched mainly in the area of cancer
treatment (3,6,14,16,18,34).

As a science, cryobiology is relatively young and Polge, Smith and
Parkes (37) spurred the expansion of this field when they discovered that the
addition of glycerol to spermatozoa in suspension could be frozen and thawed
with high post-thaw motility of the spermatozoa. This initial discovery has
expanded progressively by applying the same technique to numerous cell
types. Red blood cells have been greatly used to establish some of the
principles of cryobiology during its early years. Since then, experiments have
dealt with stem cells, yeast, hamster cells and endothelial cells, just to name
a few.

In general, as a cell is cooled slowly, there is normally a small degree
of supercooling prior to an ice nucleation event. This event leads to the
formation of extraceliular ice. Water removal in the form of ice formation
leads to an increase in extracellular solute concentration. As this
concentration exceeds that of the intracellular solute concentration, an
osmotic gradient is formed over the membrane and water passes out of the
cell to compensate. The cell dehydrates, leading to the volumetric reduction.

Clearly cryopreservation has proven to be a complex interaction of a
number of variables. Many debates still continue on the mechanism of cell
injury due to the freeze-thaw cycle. Lovelock (29) in 1953 suggested that the

major damage from freezing be caused by the concentration of electrolytes



within the cell and in the suspending medium. Through his studies with red
blood cells, he determined the critical range of temperatures to be between
—-3°C and —40°C, which coincides with the high salt concentrations. Mazur et
al. (30) in 1973 introduced a two factor hypothesis, which states that cells are
susceptible to damage in two ways. First, by the concentrating of solutes due
to extracellular ice formation. Second, by intracellular ice formation and
recrystallization during cooling and thawing respectively. According to Mazur
et al. (30) the type of damage depends upon the rate of cooling. A low
cooling rate exposes cells to high solute concentrations over long periods of
time, while high cooling rates increase the likelihood of intracellular ice
formation. Subsequently, a low warming rate again exposes the cells to high
salt concentrations and increases the likelihood of recrystallization.

Meryman in 1967 (31) suggested that cell injury was a result of
excessive cell shrinkage. Meryman described a “minimal critical volume” at
which irreversible damage occurs. Steponkus et al. (40) extended Meryman'’s
theory by proposing the concept of a ‘tolerable surface area increment’ (TSAI)
in which cells can tolerate a limited change in surface area. The TSAl is a
variable independent of the extent of contraction; it describes the maximum
expansion of cell surface area.

Farrant and Morris (10) proposed that thermal and dilution shock as
causes of freeze-thaw injury. The increase in intracellular and extracellular

salt concentration renders the cell membrane susceptible to leakage upon



application of subsequent stress, such as cold shock upon cooling and
dilution shock upon warming.

Lovelock, Mazur, Meryman, and Farrant have been major contributors
to the evolution of concepts in cryobiology. Their ideas have sustained the
interest in developing cryobiologists. However, these concepts have been
applied only to cells in suspension. Extending these principles to attached
cells and tissues adds another level of complexity.

Cryoprotection

So, how do we protect cells from freezing injury? The initial discovery
of glycerol’s protective property (36) has since lead to searches for newer and
better cryoprotectants. Actions of the two classes of cryoprotectants
(penetrating and nonpenetrating) have been outlined by McGann (30).

Penetrating cryoprotectants (e.g. dimethyl sulfoxide - DMSO,
propylene glycol - PG) protect cells by increasing the intracellular solute
concentration of the cell, hence decreasing the osmotic gradient across the
plasma membrane during freezing. As a resuit, the volumetric contraction is
less than those of cells without a penetrating cryoprotectant. The cells are
then exposed to lower salt or electrolyte concentrations at any given sub-zero
temperature. Consequently, cells are exposed to high sait concentrations at
temperatures sufficiently low to minimize damage to the cell.

Nonpenetrating cryoprotectants (e.g. sucrose, hydroxyethyl starch -
HES) on the other hand, perform the opposite role by dehydrating a cell. The

increase in extracellular solute concentration leads to an osmotic gradient



across the membrane moving water out of the cell. The cell as a
consequence contracts and aithough the cell is exposed to high salt
concentrations, the minimal volume of water prevents intracellular ice
formation (1IF).

In regards to the two-factor hypothesis, penetrating cryoprotectants
protect cells during slow cooling by reducing the “solution” effects, while
nonpenetrating cryoprotectants protect against damage from rapid cooling.
The deleterious effects of ice formation have prompted others to examine the
alternative of vitrification.

Vitrification

The purpose of vitrification is to avoid ice formation, either intraceliular
or extracellular. Vitrification can be defined as the amorphous formation of
the glass state (9). Theoretically, this is possible and practically has been
used in some systems. The limitation in this process is the high concentration
of cryoprotectant necessary, which could be toxic and leads to osmotic stress.
Hence special procedures for addition and removal of cryoprotectants is
necessary.

With the increased understanding of low-temperature preservation
(hypothermic, cryopreservation, and vitrification), banking of tissues and
organs for the purpose of transplantation has become more feasible.
Currently, tissues such as blood, skin, bone and embryonic stem cells are
harvested from donors and stored for future use. Hypothermic storage is

limited by short-term viability and vitrification has yet to be proven to be



effective. Cryopreservation is currently the most applicable procedure. It has
been shown to be cost-effective while maintaining viability of cells in
suspensions. However, the next progression is to improve cryopreservation
of tissues and organs.

1.2. Heart Valve Replacement

Between the years of 1986 and 1995, there were 52 659 heart valve
replacements performed in 47 718 patients in the United Kingdom alone (42).
In a retrospective study of 43 301 patients from the United Kingdom Heart
Valve Registry, 1051 (2.43%) underwent a second heart valve replacement
operation (42). Of the 43 301 patients, 52.8% were males and 47.2% female;
73.4% under the age of 70 and 26.6% over 70. Of the heart valve
replacements used, 67.9% were biological valves and 32.1% were
mechanical valves. The incidence of heart valve replacement can be clearly
shown to increase as 46.5% of replacements were performed within the first
five years of the study and 53.5% in the latter five years (42). However, the
data suggests that heart valve replacements are improving as 71.6% of
second operations occurred in the first five years and only 28.4% occurred in
the latter five years (42).

Heart valve disease can be of two major forms. Any of the four valves
of the mammalian heart can become insufficient and/or regurgitant. One form
of insufficiency arises due to a decrease in the diameter of the valve orifice.
As a result, blood flow and pressure decreases in the subsequent chamber or

vessel. The decrease in valve orifice diameter is a consequence of stenosis.



The leaflets of the valves in this case become calcified and the commisures
and fissures usually become sealed thus decreasing the orifice size.

Regurgitant valves can also be stenotic, closing improperly and
allowing blood to move back across the valve into the chamber. Prolapse
may also cause regurgitation. With valve prolapse, the hinge of a leaflet(s)
has weakened such that the increased pressure distally to the valve leads to
an inversion of the leaflet and blood flow in the reverse direction.

Prior to the 1950’s the focus of surgical procedures to remedy these
problems in mitral valve stenosis by valvotomy and valvectomy (22) was
typically unsuccessful. The resulting valvular insufficiency, which at the time
was still regarded as safe and desirable, was in fact deleterious. The next
evolution of surgical procedures was the development of valvular
commisurotomy. Initially this was done by digital dilation; transatrial and
transventricular dilator later advanced it. This was a more successful
procedure.

In the early 1950s surgeons turned their focus to correcting mitral
regurgitation. A number of materials were implanted into the valve to prevent
regurgitation — ventricular lucite spheres, spindle-shaped baffles, mounted
nylon leaflets, and autogenous tissue (22). However, these implants
functioned inadequately, causing the propagation of thrombi or tissue
degradation.

[t wasn't until 1952 that Dr. Charles Hufnagel successfully treated

valvular stenosis and prolapse (13). Using an acrylic caged-ball prosthetic



valve and fixation ring for implantation, a patient was treated for aortic
regurgitation. The years to follow witnessed increase in use of artificial and
tissue valves.

Artificial valves took two forms — ball and cage or tilting discs. Atrtificial
valves failed in 10-15% of patients within 2 years (39). in general, ball valve
complications included thromboemboli, ball variance and hemolysis. Disc
valves had similar complications of thromboemboli, disc variance, and
hemolysis as well as disc wear/grooving. In both cases, there was also the
recurrence of regurgitation or stenosis and infective endocarditis. Although
artificial valves encounter a number of possible complications, they are still
used being used.

Tissue valves can also be of two types — graft or bioprosthetic valves.
Grafts represent human or animal tissue, which replace the defective valve.
In 1962, Ross and Barratt-Boyes were independently successful in the
implantation of homograft valves (23). In 1965, Binet and Carpentier
performed the first valve replacement utilizing a prepared porcine aortic valve
xenograft (24). Binet reported a 68% failure rate after a 4-year period (4). In
both homografts and xenografts, leaflets showed shrinkage, decreased
tensile strength, prolapse, inflammatory cellular reaction and acellular patches
(for homografts). In fixed, acellular grafts there were no indications of host
fibroblast regeneration or infiltration (24).

By 1968, the xenograft was adapted and evolved into the bioprosthesis

(24). A bioprosthesis is the combination of biological tissue and synthetic



materials. Initially, the porcine xenograft was treated with glutaraldehyde in
order to introduce cross-linkages between the collagen fibres. Hancock
adapted the bioprosthesis by fixing the valves with formaldehyde and
mounting it on a Dacron-covered rigid metal stent. This stent was later
replaced with a flexible stent comprised of a polypropylene support and a rigid
Stellite ring. Bioprosthetic vaives however also showed leaflet prolapse and
heavy calcification in conjunction with tissue degradation (35). Fishbein et al.,
after examining 23 explanted xenografts ranging from 1 month to 2.6 years,
found focal calcification and thrombus confirming the surface is not inert (12).

Although bioprosthetic valves encounter complications, they do have
one major advantage over artificial valves. In a study by Gabbay and Kresh,
the hydrodynamics of artificial and bioprosthetic valves were tested (15).
Bioprosthetic valves were shown to have much better hydrodynamics than
that of artificial valves. The presence of either ball or disc interrupts any
possibility of laminar flow, which in theory would indicate best flow through
any tubular vessel.

It is apparent that the need for heart valve replacement is present.
Valvular defects and disease leave surgeons with few options otherwise.
However, history has shown that mechanical valves are inferior to biological
valves based upon hemodynamic measurements (15). However, biological
replacements face challenges as well. The issue at hand is how to create or
maintain a structurally sound replacement that leads to the least

complications.



1.3. Heart Valve Preservation
Hypothermic Storage

For short-term storage, the best available method is hypothermic
storage. Refrigeration of tissues at 4°C can be extended for days with good
viability of cells. Lockey et al. (28) stored 126 valves in one of two antibiotic
solutions. The storage solution of gentamicin (4mg/ml), methicillin (10mg/mil),
erythromycin-lactobionate (6mg/ml), and nystatim (2500 units/ml) in Hank's
solution was able to sterilize all valves by 24 hours and remained sterile
thereafter. Through this study, Lockey et al. also determined that the use of
nutritive media rather than Hank's Solution could extend the duration of
viability. Viability was assayed using autoradiography and tissue culture.
With the proper antibiotics and solution, ~70% fibroblast viability can be
maintained for 48-72 hours. Preservation in this fashion limits the time span
of tissue viability and the possibility of surgical procedures. Based upon
hypothermic storage only, it is not feasible to establish heart valve tissue
banks for transplantation.
Cryopreservation

Cryopreservation is currently the most practical means of preserving
tissue structure and cell viability for long-term function. Heart valve
cryopreservation can be divided into 5 areas: (i) harvesting of the donor heart,
(ii) valve preparation and antibiotic sterilization, (iii) control-rate freezing with
cryoprotectants; (iv) storage of the processed valves, and (v) thawing/diluting

and implantation. The typical cryopreservation protocol for heart valves has
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been adapted from Smith's initial work with spermatozoa (36). In general,
cryopreservation of heart valves uses a balanced salt solution, such as
Hank's or a nutrient media, with 10% dimethyl sulfoxide (some formulae
supplement with 10% fetal calf serum). Valves are then cooled at 1°C/min to
at least —40°C before transferring to storage at temperatures below -135°C
(1,5,17,26,34). Brockbank et al. (5) have determined that storage above —
80°C leads to a loss of cell viability and cracking of the tissue.
Cryoprotectants are then removed in a step-wise dilution to minimize damage
from rapid influx of water. Since cryobiology is a relatively new science, many
of the procedures are empirically based. This protocol for cryopreserving
heart vaives is no different and although this protocol has been shown valid
for cells in suspension, it can not be assumed to be valid or optimal for heart
valves.
1.4. Previous Studies
Follow-up Studies

Numerous studies have been conducted concerning the viability and
duration of viability when cryopreserved valves were used in valve
replacement surgeries. Two major conclusions can be inferred from these
studies. However, to draw conclusions about the use of cryopreserved valves
in replacement surgeries, it is necessary to establish a base line of results of

valve replacements using fresh valve allografts.
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a) Fresh Valves

During the infancy of heart valve replacements, 16 implants were
performed by Barrett-Boyes during 1962 and 1963 and 6 grafts were
recovered during autopsy or second operation at intervals from 3.5 months to
8.5 years after implantation. Of the 6 valves recovered, 3 showed severe
cusp shrinkage and prolapse; the graft recovered at 8.5 years was
incompetent due to a large perforation (23).

In a later study by Barratt-Boyes et al. (2), a six-year review of valve
replacements using antibiotic sterilized homograft valves included 121
patients (78 males and 43 males). Ages ranged from 11 to 74 years with
62% of patients over 50 years. An overall hospital mortality rate was 5.7%.
Reoperation was required for incompetence in 11 patients. The most
significant problem encountered was cusp rupture, occurring at a rate of 8%.
The clinicai data suggested that ruptures might be in part due to a rejection
reaction.

Over the duration of 8 years (1969 to 1978), Thompson et al.
performed valve replacements in 679 patients using fresh unstented
homografts (41). There were 16 (3.9%) early deaths (before 30 days) and 43
(10.5%) late deaths (during follow-up between 3 and 102 months). Actuarial
survival was 87% at 5 years and 81% at 8 years. In total valve failure
occurred in 24 (3.5%) patients. The authors of this study judged homograft

replacement of the aortic valve to be satisfactory.

12



b) Cryopreserved Valves

From the follow-up studies performed using cryopreserved valves for
replacements, failure could be reduced to two forms. Early failure of valve
replacements could be due to host to graft rejection. Typically, valve
replacements are performed without HLA matching or immunosuppression
post-operatively; this opens the possibility of rejection of the graft. Fischlein
et al. (11) studied 41 patients who underwent aortic valve replacement, of
which 33 received allograft valves (17 ABO-compatible and 16 ABO-
incompatible), and 8 received commercially available xenografts. Those who
received ABO-Incompatible valves showed greater cytoimmunologic reaction
that ABO-compatible valves; activation index of 2.1+1.6 (n=16) versus
1.3+0.8 (n=17), respectively. Interestingly, the 8 patients with xenograft valve
replacements showed no activation, indicating that exposed Ileaflets and
conduit surfaces lacking cells do not elicit an immune response.

Other studies have also examined the role of immunologic response in
the failure of implanted valves. Of note are studies by Ketheesan et al. (20)
and Moustapha et al. (33). Both studies conducted utilised rat model
systems. Ketheesan et al. determined no significant difference in
immunogenicity between fresh and cryopreserved valves (cryopreserved with
cooling rates of 1°C/min or 5°C/min). However, a significant reduction of
immunogenicity was observed for valves cryopreserved at 10°C/min,
30°C/min, and >100°C/min. The study by Moustapha et al. showed typical

cell-mediated rejection. Pathology of the cryopreserved allogeneic valves at
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56 days after implantation indicate moderate to severe mononuclear cell
infiltration, mainly lymphocytes and macrophages. In addition, diffuse intimal
thickening enveloped the free leaflets forming ‘leaflet ghosts’. Multiple
acellular sites resulted from the immunological response. Ketheesan et al.
and Moustapha et al. have demonstrated the important role the host immune
system plays in short-term valve failure.

Long-term failure has been suggested to be a result of tissue
deterioration (37). Although short-term failure is also due to tissue
deterioration, the mechanism by which this occurs is different. In long-term
failure, the tissue degenerates not by immune response but rather by
mechanical stress and lack of viable fibroblasts (37). Since fibroblasts
sustain the tissue in its structural integrity, a lack of fibroblasts leads to the
loss of collagen matrix maintenance. For this reason, we speculate that a
nonviable cryopreserved valve lasts no longer than an acellularized graft .
The failures of heart valve replacements in patients are expected but can they
be prolonged or even prevented? Consider the cost of heart valve
cryopreservation. The cost of procuring and cryopreserving a single heart
valve at an on-site tissue bank was estimated by Lever ef al. to be
Can$1362.56 in 1990 (26). What if 5% of these valves fail when
transplanted? Consider the cost of a second operation required for those
patients, financially, physically, and emotionally. Consider an infant born with
congenital valve defects and undergoing valve replacements every 15 years

or less. To ensure the quality of the cryopreserved heart valve after thawing
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an understanding of cellular responses during cryopreservation is critical.
Ideally these studies would utilize human heart valve tissues. However, since
heaithy human tissues are ir short supply and are valuable for transplantation
purposes, these are not readily available for experimentation. Available
human heart valve tissues are normally discards from surgical procedures,
either as explants or non-ideal grafts. These tissues may have confounding
variables, therefore an animal model is required.

The ultimate goal of these studies is to provide viable heart valve
tissues for transplantation. Since early degeneration of heart valve
replacements has been connected to rejection of the graft by the recipient
(7,11,19,25,33) and later failure of valves due to lack of fibroblast cells (43),
the viable heart valve after cryopreservation and thawing should have viable
fibroblasts and reduced or eliminated immunogenecity.

Cochran and Kunzelman have shown that cryopreservation preserves
the antigenicity of the heart valve (8). Studies by Moustapha et al. support
this finding in the rat model (33). However, Moustapha et al. have also
demonstrated that an acellularized leaflet initiates no immune response. We
speculate endothelial cells to be initial sites of rejection. Elimination of
endothelial cells may reduce and possibly prevent eliciting an immunological
response. However, endothelial cells are critical to proper function. This can
be overcome by reendothelialization of the leaflets by the recipient's own
cells. Zavazava et al. have demonstrated this with porcine valves in human

recipients (45).
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1.5. Hypothesis

By understanding the osmotic parameters of cells in porcine heart
valve leaflets and correlation to cell viability, cryopreservation protocols can
be devised which allows differential selection of cells (i.e. eliminate
endothelial cells and preserve fibroblasts) to potentially improve the life-span

of heart valves after transplantation.
1.6. Rationale for Experiments

Porcine heart valves were selected for this study for several reasons.
Porcine valves are an obvious second choice since porcine xenografts have
already been used for heart valve replacements. More specifically, the
dimensions of porcine valves are similar to that of human valves, so the
kinetics of heat and mass transfer during cryopreservation will be similar.
Studies reported in the literature (12,35) have used porcine heart valves in
other experiments related to cryopreservation, which will be useful for
comparing results. Local abattoirs provide a ready supply of porcine hearts
from healthy animals with short warm ischaemic times. In these experiments,
heart valves were excised and handled using the standard operating
procedures for human heart valve transplantations.

The data gathered from porcine heart valves may be useful for human
valves. We recognize that human and pigs are different species and this is
one major limitation in this study. However, the establishment of procedures
and techniques in the porcine model are valid and important, and can be

transferred to human valves. Three studies have been designed to integrate
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current knowledge and techniques to investigate the possibility of selective
preservation. Each study examines an aspect of the cryopreservation
procedure.

(A) To examine and determine cellular response and parameters of
porcine heart valve leaflet endothelial cells and fibroblasts to
cryopreservation conditions.

A cell's plasma membrane differentiates the external and internal
environment. It also responds chemically and physically with different
stresses. During cryopreservation, a cell is exposed to high salt, low
temperatures, physical disruption by ice formation, and dilution stress during
thawing. Understanding how a cell reacts to these stresses is critical to
formulating an optimal cryopreservation protocol.

Experiments will be conducted to investigate and quantify cellular
response to these stresses. Cell response will be reduced to cell-specific
parameters. These parameters are determined by measuring cell volume
change by electronic particle size analyzer over the duration of cell exposure
to hypertonic salt solutions and cryoprotectants. Comparisons can then be
made to other cell types.

(B) To investigate the damage to cells of intact porcine heart valve
leaflets from solution effects versus intracellular ice formation by a
graded freeze-thaw protocol.

The graded freeze-thaw protocol has been used previously to

determine the effects of low cooling rates versus high cooling rates. In situ
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analysis of leaflets will be done by coupling a dual fluorescence stain with
confocal microscopy. Leaflets will be analyzed of varying depths and will
provide measures of viability for endothelial cells and fibroblasts. This can be
correlated to data from computer simulations of the graded freeze-thaw
protocol. Correlating experimental with theoretical data may provide insight
into the limits of these cells in order to maintain viability.

(C) To use determined cell-specific parameters for porcine heart
valve leaflet endothelial cells and fibroblasts to model aspects of
cryopreservation by computer simulation.

Although previous computer simulations have been used to examine
aspects of ice formation and water movement, none have specifically
modeled cell response to cryopreservation. Factors such as cell volume,
supercooling, intracellular and extracellular salt and solute concentrations
provide vital information concerning cellular stresses. Aspects of
cryopreservation to be investigated are: equilibration of cryoprotectant
addition, cooling rates, and removal of cryoprotectants. Simulations will also
be performed to model responses of cells in graded freezing. The difference
in response between endothelial cells and fibroblasts may be important in
designing an optimal cryopreservation protocol.
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CHAPTER 2

OSMOTIC PARAMETERS OF PORCINE HEART VALVE
DERIVED ENDOTHELIAL CELLS AND FIBROBLASTS

2.1 Introduction

What happens when a cell is introduced into a hypertonic solution of
impermeant solutes, such as salt? The higher solute concentration outside
the cell forces water to leave the cell, down the osmotic gradient. Water will
continue to leave the cell until the intracellular salt concentration equals the
extracellular salt concentration. At this point, the cell has reached the
equilibrium volume fraction. The rate at which water permeates the cell
membrane, hydraulic conductivity (L), affects the change in cell volume over
time and can be described by

‘fl—V =—L,ART (7z* — ") [1]
[

where V is the water volume, A is the surface area of the cells, n is the
osmolality of the extracellular (e) and intracellular (i) solution, R is the
universal gas constant, and T is absolute temperature. The effect of
temperature on this parameter is characterized by its activation energy (Ea).
If a cell is exposed to a highly hypertonic solution that causes all ‘free’ water
to leave the cell, the cell reaches its osmotically inactive fraction (Vp). The
osmotically inactive fraction (V,) refers to the fraction of cell volume not
participating in osmotic interactions, including proteins and lipid membranes
and bound water. The Boyle-van't Hoff relationship (8) describes the cell

volume as a function of osmotic pressure and can be used to calculate Vy.
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V=-"—WVsoe—Vs)+ Vs 2]

Tlso
where V is volume at osmotic pressure =, miso is the isotonic osmotic pressure,
Viso is the isotonic cell volume, and V, is osmotically inactive fraction.

If however, a cell is introduced into a hypertonic solution with a
cryoprotectant, the movement of solutes is complicated. Initial exposure
results in dehydration of the cell and decreased cell volume as an osmotic
gradient is formed. An additional gradient is present involving the
cryoprotectant. To equilibrate, the cryoprotectant enters the cell. The rate at
which the cryoprotectant permeates the cell membrane is represented by the
solute permeability (Ps). This is described by

das av

—-=Ps AC: 1— 3a
= P(AC) +(1- o)~ [3a]
dV e 3 e ]

——dt = —LpART (xt — m,)+ o(7x; — 1) [3b]

where S is solute concentration, Ps is solute permeability, ACs is the
difference between extracellular and intracellular solute concentration, o
(sigma) is the reflection coefficient, n is the nonpermeating solute, and s is the
permeating solute. The reflection coefficient describes the interaction of the
solute with water in the membrane. We have chosen to set the reflection
coefficient to equal 1. This implies that the cryoprotectant and water have no
interactions in the membrane, therefore L, has no affect on Ps and vice versa.
The influx of cryoprotectant into the cell causes water to rehydrate the cell.

As a result, the cell returns to its isotonic volume.
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Since L, and Ps are temperature-dependent and can be described by
the Arrhenius activation energy, Ea.

E. 1 1
P=P  exp(——(——— 4
ref p( R (Y’ref T)) [ ]

where P is the permeability, and P is permeability at the reference
temperature. The activation energy is found by solving for equation 4 for E,
with experimental measurements of permeability. Permeability values are
calibrated from the kinetics of volume change. Typically there are two ways
to do this, as outlined by Acker et al. (1). Cellular osmotic responses have
been measured optically or by electrical measurement techniques.
Measuring cells optically allow for direct measurements, detailed kinetics and
experiments at high osmolalities, while electrical techniques have the
advantages of being rapid, reproducible, and allow the study of multiple cell
populations of a variety of sizes and shapes.

To date there have been no experiments conducted to determine the
osmotic parameters of endothelial cells and fibroblasts derived from the heart
valve leaflets (porcine or human). Endothelial and fibroblast viability have
been examined with regard to cryopreservation techniques including
procurement processes (4,8,7), cryopreservation solutions (5), and storage
conditions (2,3,5,6). These studies are necessary, but a more
comprehensive understanding is needed on a cellular level.

This study was designed to define osmotic parameters for porcine heart
valve derived endothelial and fibroblast cells. Both cell types were exposed

to solutions of impermeant solutes and the cell volume tracked as a function
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of time using an electrical particle size analyzer. Cell volumes were also
tracked as cells were exposed to, and diluted from 1M and 2M concentrations
of cryoprotectants. These experiments were conducted at different
temperatures and provide the cellular volume kinetics necessary to define the
values of cellular and osmotic parameters.
2.2. Materials and Methods
Tissue Isolation

Hearts from a local abbitoir were obtained shortly after market pigs
were slaughtered. Porcine hearts underwent 15-20 minutes warm ischaemic
time before being bagged in isotonic PBS (Dubelco’'s Phosphate Buffered
Saline, Gibco BRL) at 4°C, pH 7.1, and transported in ice water. Tissues
were exposed to 1 hour to 1.5 hours cold ischaemic time. Hearts were
dissected in PBS at 4°C to maintain hypothermic conditions and to prevent
dehydration of tissues. For each heart, the pericardial sac was removed. Left
and right auricles were removed to expose the tricuspid and mitral valves and
to allow access to the aortic valve annulus. The ascending aortic root and
pulmonic artery were trimmed to leave at least 2 cm of vessel above the
annulus. Scissors were used to separate the vessels from each other and the
two valve conduits were removed leaving 1 cm of tissue below the annulus.
The three leaflets were then excised from each valve, washed, and

maintained in PBS at 4°C.
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Cell Culture

Sets of 3 leaflets from a single valve were enzymatically treated with
2 ml 0.05% Trypsin — EDTA (Gibco BRL) for 5 minutes at 37°C. Each leaflet
was then mechanically treated by light scraping with a rubber policeman to
remove the endothelial cells. An equal volume of M199 cuiture medium
(Gibco BRL) supplemented with 20% (v/v) fetal calf serum (FCS), 10 ml
Penicillin/Streptomycin (Gibco BRL; 5000 units/ml Penicillin, 5000 ug/mi
Streptomycin), and 2.5 ml Gentamicin (Gibco BRL; 10mg/ml) to neutralize the
Trypsin.

Leaflets were then minced with scissors and enzymatically treated with
5 ml collagenase Il (70ug/ml; Boerhinger-Mannheim, Germany) per set in 15
mi centrifuge tubes (Fisher Brand). Samples were incubated at 37°C in a
water bath for 30 minutes. Tubes were centrifuged (Model TJ-6 Centrifuge,
Beckman, USA) at 2000 rpm for 10 minutes. The collagenase supernatant
was discarded and the tissue pellet resuspended in 5 ml supplemented M189
tissue culture medium as above. The cell suspension was also cultured in 12
well culture plate (Corning, USA) at 37°C in 95% air + 5% COa.

Endothelial and fibroblast culture media were changed the next day
and every 2 or 3 days afterwards. Once cultures reached 80% confluency,
they were passaged with Trypsin and mechanical treatment as before. The
subsequent cell suspensions were transferred to 25 cm? polystyrene tissue
culture flasks (Corning, USA) and volume adjusted to 10 ml using

supplemented M199 culture media. These were cultured until confluent.
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Kinetics of Cell Volume Change
a) Impermeant Solute

After reaching confluency cell cultures were trypsinized. Cell
suspension was equilibrated to the experimental temperature of either 22°C,
10°C or 4°C. Experimental solutions of impermeant solute were prepared by
diluting 10X Dubelco’s Phosphate Buffered Saline (Gibco BRL) to 1x, 2x, 3x,
4x, and 5x isotonic (~300, ~600, ~900, ~1200, and ~1500 mOsm,
respectively) and adjusted to pH 7.1 with NaOH or HCI as necessary.
Osmolarity was measured (uOsmette osmometer, Precision Instruments) in
triplicate for each solution and the mean average calculated. The
experimental solutions were cooled to the experimental temperature and
250ul of the cell suspension was injected into 10 ml of the experimental
solution. PBS solutions were maintained at the experimental temperature
with a custom made water bath. A Coulter Particle Size Analyzer (Coulter
Electronics Inc., Germany) measured cell size and the data collected by a
personal computer connected via Cell Size Analyzer (GCCC, Spruce Grove,
AB, Canada). The change in cell volume over duration of time was calibrated
and normalized by measuring latex beads of known diameter. Three different
cell suspension were tested in triplicate for each condition givingn = 9.
b) Solute Permeability

Solutions of the permeant solutes 1M and 2M DMSO, glycerol, and PG

were prepared by adding the appropriate mass of the CPA to isotonic PBS.
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Cell suspensions were prepared in the same fashion as before. In
determining the solute permeability of CPAs during addition the various CPA
solutions were used rather than hypertonic solutions in the previous
experiment.

To determine solute permeability during removal of CPAs, cell
suspensions were prepared in the fashion as before were then aliquoted into
7 volumes of 700ul in microcentrifuge tubes. Cells were pelleted by
microcentrifugation (table-top microcentrifuge, Fisher, USA) at 7000 rpm for
10 minutes. Pellets were resuspended in 1.5 ml of the various experimental
solutions (1M and 2M DMSO, Glycerol, and PG) and allowed to equilibrate
with the solute at the experimental temperature. Experiments were
conducted as described previously, using 1x PBS as the experimental

solution used to measure cell kinetics on return to isotonic conditions.
2.3. Results

Isotonic Volume

The isotonic volumes for endothelial cells and fibroblasts were
determined from volume distributions under isotonic conditions. These
measurements were calibrated using spherical latex beads (15um diameter,
Coulter). Isotonic volumes were averaged over all experimental temperatures
since there is no temperature dependence. The isotonic volumes of
endothelial cells and fibroblasts were 2513+154um® and 2866+195um?,

respectively.
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Osmotically Inactive Fraction

For each cell sample tested in impermeant solute, V, was calculated
from the data and equation 2. A mean and standard error was determined for
each cell type at each temperature and osmolality (Table 2.1). The
osmotically inactive fractions were pooled for each temperature and each
concentration of impermeant. Since there was no concentration or
temperature difference in the osmotically inactive fraction, all samples in
impermeant solutes were pooled to give one value to describe each cell type.
Endothelial cells (0.399+0.009) demonstrated an osmotically inactive fraction
slightly larger than that of fibroblasts (0.368+0.006).
Hydraulic Conductivity

Values for L, were determined from cell volume kinetics in hypertonic
conditions (PBS and addition of cryoprotectants). Mean and standard errors
for the values were calculated at each temperature for each solution (Table
2.2). Values at each temperature were pooled since there was no
concentration dependence.
Cryoprotectant Permeability During Addition

Figures 2.4 to 2.9 are representative of the kinetics of volume change
from exposure to cryoprotectant solutions. The 2M PG, 1M Glycerol and 2M
glycerol experimental sets however were discarded. The 2M PG data
indicated a possible interaction of the cryoprotectant with the cells of the
calibration beads so reliable data could not be obtained (Figure 2.7).

Experiments with glycerol were discarded based on the low permeability of
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glycerol in the cells. The slow permeation of glycerol to endothelial cells
(Figure 2.8) and fibroblasts (Figure 2.9) does not allow an accurate
determination of Psfor glycerol.

As before, from each exposure of cells to cryoprotectants at each
temperature a value was determined for Ps. The mean and standard error
was determined for each condition (Table 2.3). Since concentration
dependence was not a factor, the data for 1M and 2M DMSO were pooled ‘o
obtain values for each temperature.

Cryoprotectant Permeability During Removal

Figures 2.10, 2.11 and 2.12 are representative data of cell kinetics
during the removal of 1M DMSO, 2M DMSO and 1M PG, respectively.
Values of Ps (Table 2.4) were determined in the same fashion as those for the
addition of cryoprotectants.

Activation Energies

Activation energies were calculated for L,, and cryoprotectant Ps during
addition and removal by fitting the experimental data to the Arrhenius
equation (Figures 2.13, 2.14, and 2.15). Activation energies for hydraulic

conductivity and solute permeability (DMSO and PG) are listed in Table 2.5.

2.4. Discussion

While endothelial cells and fibroblasts have different morphologies in
situ and in culture, cell volumes are the same. The osmotically inactive

fraction (Vp) of porcine heart valve endothelial ceils and fibroblasts differed
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littie as well. What is then important is the cell's characteristic response to its
environment based upon its L, and P, and their respective Ea,.

Comparison of hydraulic conductivities for any cell type can be
misleading. Because of the strong temperature dependence, L, can only be
compared at specific temperatures. In this study, endothelial cells and
fibroblasts have the same L at 22°C. The activation energy of L, however, is
higher for endothelial cells (11.6+0.2 kCal/mol) than that for fibroblasts
(9.2+0.2 kCal/mol). Because of differences in the activation energy,
endothelial cells and fibroblasts will behave differently under identical
conditions.

DMSO and PG permeabilities for endothelial cells and fibroblasts are
different at the temperatures tested. Once again, comparing Ps at one
temperature can be misleading. As Table 2.3 and Figure 2.13 show, at
22°C, DMSO and PG permeability of endothelial cells is higher for fibroblasts.
However at 4°C, DMSO and PG permeability of fibroblasts is higher for
endothelial cells. The important factor in making comparisons is the
activation energy. For DMSO, the activation energy for Ps is greater for
endothelial cells, but greater for fibroblasts with PG.

Generally the solute permeability during removal is assumed to be the
same as that of the Ps during addition. These experiments showed different
values for Ps during removal. However these values are based upon the
Boyle-van't Hoff plot, which assumes a linear extrapolation under hypotonic

conditions. It has been shown previously that cell expansion does not follow
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this linear pattern (McGann — unpublished data). Cells undergoing a dilution

of this sort couid be limited by the cell membrane tension and expansion past

this limitation most probably leads to lysis.

These parameters for endothelial cells and fibroblasts determine the
cellular response. An understanding of these fundamental characteristics is
essential in formulating any successful cryopreservation protocol. This study
has shown the major differences between endothelial and fibroblast cells to
be in L; and Ps, and their relative activation energies. Based on the cellular
responses in these experiments, we can expect that endothelial cells and
fibroblasts will respond different when cryopreserved.
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Figure 2.1. Cell volume kinetics of endothelial cells exposed to 5x isotonic
PBS at 22°C. Blue circle = mean relative volume cell over time intervals
of 3sec. Black circle = number of cells averaged for each data point.
Black line = fitted curve to data using least-square error method.
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Figure 2.2. Cell volume kinetics of fibroblast cells exposed to 2x isotonic
PBS at 4°C. Blue circle = mean relative cell volume over time intervals of
3sec. Black circle = number of celis averaged for each data point.

Black line = fitted curve to data using least-square error method.
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Figure 2.3. Boyle van't Hoff plot of endothelial and fibroblast equilibrium volume
fractions at 4°C, 10°C, and 22°C. Endothelial (top) and fibrobiast (bottom}) V, can be
determined by extrapotlation to the y-intercept. Eror bars = standard error.
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Figure 2.4. Cell volume kinetics of endothelial cells exposed to 1M DMSO
at 4°C. Blue circle = mean relative volume ceil over time intervals

of 3sec. Black circle = number of cells averaged for each data point.
Black line = fitted curve to data using least-square error method.
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Figure 2.5. Cell volume kinetics of endothelial cells exposed to 2M DMSO
at 4°C. Blue circle = mean relative volume cell over time intervals

of 1.5sec. Black circle = number of cells averaged for each data point.
Black line = fitted curve to data using least-square error method.
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Figure 2.6. Cell volume kinetics of fibroblast cells exposed to 1M PG
at 22°C. Blue circle = mean relative volume cell over time intervals

of 1.5sec. Black circle = number of cells averaged for each data point.
Black line = fitted curve to data using least-square error method.
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Figure 2.7. Cell volume kinetics of fibroblast cells exposed to 2M PG
at 4°C. Blue circle = mean relative volume cell over time intervals

of 1.5sec. Black circle = number of cells averaged for each data point.
Black line = fitted curve to data using least-square error method.
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Figure 2.8. Cell volume kinetics of endot-helial cells exposed to 1M glycerol
at 4°C. Blue circle = mean relative volumse cell over time intervals
of 3sec. Black circle = number of cells avreraged for each data point.
Black line = fitted curve to data using leasst-square error method.
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Figure 2.9. Cell volume kinetics of endotthelial cells exposed to 2M glyceroi
at 22°C. Blue circle = mean reiative volurme cell over time intervais

of 1.5sec. Black circle = number of cells @averaged for each data point.
Black line = fitted curve to data using leas®-square error method.
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Figure 2.10. Cell volume kinetics of endothelial cells equilibrated to 1M DMSO then
returned to isotonic conditions at 4°C. Blue circle = mean relative volume celt
volume over time intervals of 3sec. Black circle = number of cells averaged for
each data point. Black line = fitted curve to data using least-square error method.
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Figure 2.11. Cell volume kinetics of fibroblast cells equilibrated to 2M DMSO then

returned to isotonic conditions at 10°C. Blue circle = mean reiative volume cell
volume over time intervals of 1.5sec. Black circle = number of cells averaged for
each data point. Black line = fitted curve to data using least-square error method.
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Figure 2.12, Cell volume kinetics of endoth-elial cells equilibrated to 1M PG then
returned to isotonic conditions at 22°C. Blue circle = mean relative volume cell

volume over time intervals of 1.5sec. Black circle = number of cells averaged for
each data point. Black line = fitted curve to data using least-square error method.
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Figure 2.13. Soiute permeability of endothelial cells (EC) and
fibroblasts (FB) during addition (top) and removal (bottom) of
dimethyl! sulfoxide and propyiene glycol.
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CHAPTER 3

GRADED FREEZING OF INTACT HEART VALVE LEAFLETS
AND VIABILITY ASSAY BY CONFOCAL MICROSCOPY

3.1 Introduction
Assessments of Viability

Ultimately, the goal of cryopreservation is to achieve a viable tissue or
cell after thawing. However, the terms ‘viable’ or ‘viability’ can be quite
ambiguous. As defined by Pegg (25), “viable cells, tissues and organs are
those that are alive or capable of living.” What is it that we mean by “living™?
In basic biology classes, all living things are characterized as having 3 distinct
qualities — growth, reproduction, and irritability. Does this fit within the context
of cryopreservation? At -196°C, a cell shows no growth, no replication, and
no response to stimulus. Is it dead or alive? Pegg proposed that viability be
defined as the ability of a sample to exhibit a specific function(s) as expressed
as a proportion of the function(s) exhibited by an identical sample prior to
treatment (25). What then is an appropriate function to assess viability?

Viability assays or outcomes can be categorized into 5 major
groupings (25). These are: (a) cell membrane integrity, (b) cellular metabolic
activity, (c) mechanical properties of the tissue, (d) cellular mitotic activity,
and (e) complete in vivo function.

Viability assays involving complete in vivo function for heart valves
were reviewed extensively in Chapter 1, and remain the paradigm to testing

tissues. It is the paradigm because complete in vivo function requires all
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other activities and properties to be synchronized. However, to perform in
vivo assays of tissues cryopreserved by novel protocols in humans is
unethical. Hence animals models are required. Such a model has been
developed and used by Moustapha et al. (20) to test rejection in rats. It
seems reasonable that any tissue cryopreserved by new methods or
procedures is tested in animal models prior to clinical trials in humans.
However, to warrant sacrificing animals in experimental procedures for in vivo
assessments, evidence of viability is then necessary by the other four
methods. It is necessary to note that these studies with crvopreservation
protocols are variable. Most procedures use 10% DMSO but, cooling and
warming rates varied.

Although heart valve viability has been tested in numerous cases using
the mitotic activity of the cells, basal mitotic activity is low since cells of the
heart valve leaflet function to maintain the collagen-elastin matrix. Generally,
assessments have measured either DNA (12) or protein synthesis (2,15,18).

Al-Janabu et al. (2) utilised the common technique of radio-labeled
amino acids and scintillation counts to measure uptake and incorporation into
proteins in fresh aortic and pulmonary valve allografts. They had concluded
that protein synthesis diminishes with the age of fresh heart valves.

Lupinetti et al. (15) went further to examine the synthesis of
procollagen in fresh and cryopreserved aortic valves. This study evaluated
synthesis of procollagen, a precursor to collagen, when fresh and

cryopreserved rat aortic valve grafts were implanted heterotopically into the
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abdominal aorta. Grafts were excised after 2 to 21 days and stained
immunocytochemically for procollagen. The production of procollagen
exhibited was equal or exceeded procollagen production of native valves
regardless of preservation. It was concluded that the fibroblasts of these
valves were viable.

Mechanical properties have also been used as a measure of heart
valve outcome after cryopreservation. Historically heart valve leaflets were
evaluated upon the basis of its elastic properties (22,24), but contractile
properties have also been used to characterize the outcome (30).

The effect of antibiotic—nutrient preservation on the elasticity of human
aortic valves was tested by Ng and Wright (22). Leaflets from valves were
fastened to a pressure chamber by steel rings and when pressure on one
surface was increased, the extension of the leaflet cusp was measured. This
gave pressure-volume curves which exhibited a decrease in elasticity with
length of time valves were stored in antibiotic-nutrient media.

In another study, contractile properties were used to evaluate the effect
of cryopreservation. Although contractility is not normally a function of heart
valve leaflets, Wassenaar et al. felt it may provide an additional medel to
verify viability (30). In this study, fresh leaflets responded to potassium (K*;
100 mmol/L) with an isometric contraction of 1.6+0.14 mN. However,
cryopreserved valvular leaflets expressed a contraction only 24% that of fresh
leaflets. By this measure of outcome, cryopreservation was detrimental to the

heart valve.
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Another alternative for determining viability involves measuring
metabolic activity. Metabolic activity for heart valves has generally been done
in two fashions, either by metabolite uptake (3,11) or by enzymatic activity
(14,27,28).

Metabolite uptake, like protein synthesis, requires radiolabels and
autoradiography techniques. Armiger (3) utilized these techniques to
determine the uptake of tritiated glucosamine for each layer of the canine
valve leaflet (ventricularis, spongiosa, and fibrosa). The spongiosa, for
example, showed 10.0+4.5 grain counts/unit area in freshly collected
samples, while cryopreserved samples had 0.7+0.7 grain counts/unity area.
Cryopreserved specimens showed significantly diminished uptake levels of
tritiated glucosamine at all 3 layers.

An extensive evaluation was performed by Suh et al. (27) on the
enzymatic activity of cryopreserved porcine heart valves. The activities of 19
different enzymes were analyzed after 24 hours warm ischaemic time,
subsequent 24 hours cold ischaemic time and then cryopreservation. Warm
ischaemic time of 24 hours reduced fibroblast enzymatic activity to
57.0+10.2% (p<0.05) and subsequent cold ischaemic treatment reduced
viability significantly (p<0.05). However, cryopreservation following these
treatments showed no effect on enzyme activity.

Armiger (3) had determined viability decreases with cryopreservation,
yet Suh et al. (27) concluded otherwise using enzyme activity as an assay. Is

there a more consistent viability assay?

54



Perhaps the most basic viability assay is that of physical integrity.
Within a tissue, such as a heart valves leaflets, this has two components —
the collagen/elastin matrix and the cellular components of the tissue.
Cryopreservation of heart valves have been evaluated macroscopically (29)
and by electron microscopy (either scanning or transmission) (1,5,6,7,10,13).
Cellular viability has also been examined by dye exclusion techniques (23,31)
which evaluate cell membrane integrity.

Electron microscopy has been used to visualize both endothelial cells
(1.5,7,8,19,35), collagen bundles in the matrix (26,13), and fibroblasts (6).
Endothelial cells occur as elongated and polygonal forms on the leaflet
surface (13) and following cryopreservation show loss of plasma membrane
integrity and presence of karyolysis (7) through transmission electron
microscopy.

Scanning electron microscopy of valve leaflets generally showed a lack
of endothelial cells, although patchy areas of endotheliai cells were present
(1). Although, electron microscopy typically showed a loss of endothelium,
Mohan et al. (19) have also shown the presence of a confluent endothelial
monolayer following cryopreservation.

In discussing water permeability, solute permeability, volume
expansion or contraction, and intracellular versus extracellular environments,
the critical factor is the cell membrane. Without an intact membrane, the cell

ceases to function regardless of DNA or protein synthesis, enzyme activity, or
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mechanical property of the tissue. Therefore, a better alternative for
assessing cell viability would be to evaluate cell membrane integrity.

Membrane integrity for heart valves has been examined using a dual
stain of FDA/PI (fluorescein diacetate/propidium iodide) and flow cytometry
(23). Fibroblasts were enzymatically isolated from fresh or cryopreserved
heart valves and stained with FDA/PI before being scanned by flow
cytometry. Cells that were stained positive for FDA and negative for Pl were
viable. Only cells having an intact cell membrane could exclude Pi. Niwaya
et al. (23) found that fibroblasts viability was >70% in a cryopreserved
allograft. However, this valiue is most likely inflated as damaged cells can be
lost during cryopreservation and isolation. This can be partially overcome if
cell membrane integrity could be examined in situ.
Graded Freezing and Assessment

These experiments evaluated cell membrane integrity of heart valve
leaflets cryopreserved by graded freezing. Graded freezing resolves
progressive damage to the cells caused by either “solution effects” or
intracellular ice formation. Graded freezing has been used previously to
examine cellular damage to granulocytes (4,32), fibroblasts (18), and
lymphocytes (18). Briefly, samples are cooled at 1°C/min to -5°C, ice
nucleation initiated and held at —5°C for 5 min to allow the release of latent
heat of fusion. Samples continue to be cooled at 1°C/min and at 5°C intervals
from -5 to —40°C, samples are removed and either thawed immediately or

immersed in liquid nitrogen. Cells were assayed for cell membrane integrity
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with FDA. Typical recoveries from graded freezing of cells in suspension are
illustrated in Figure 3.1.

Thawed samples typically showed high recovery at high sub-zero
temperatures, which diminished with decreased temperatures. Plunged
samples showed low recoveries at high sub-zero temperatures. The recovery
increased then fell to give a range of temperatures that yielded highest
recovery. At lower sub-zero temperatures, damage from rapid cooling in
plunged samples were minimal and gave recoveries like those in thawed
samples at those temperatures. The addition of cryoprotectants shifted these
curves to the right and upwards. Recoveries with cryoprotectants generally
increased recovery at lower sub-zero temperatures. However, these resuits
were only typical for cells in suspensions but, cells in tissues will be more

complex.
3.2 Materials and Methods

Graded Freezing

Porcine heart valve leaflets were obtained in the same methods as
previously described in Chapter 2.

The 3 leaflets from either aortic or pulmonic valve were assigned
randomly to either the “control”, “thaw” or “plunge” group. The control group
was maintained in 500ul PBS (Gibco BRL) at 4°C throughout the experiment
until confocal microscopy analysis was performed. Both the thaw and plunge
groups were placed in a flat-bottomed glass vial (V4" internal diameter, 1 34"

in height) in 500 pl of the experimental solution (PBS, 1M DSO, 2M DMSO, or

57



1M PG) and allowed to equilibrate at 4°C for 1 hour. Samples were then
cooled at a rate of 1°C/min to -5°C in a controlled-rate ethanol bath (Multi-
Cool Bath, FTS Systems Inc., USA), then were nucleated by applying ccoled
tweezers to the exterior of the vials. Samples were held at -5°C for 5min
before continuing to cool at 1°C/min to -40°C. At each experimental
temperature (4, -5 (after holding), -10, -15, -20, -25, -30 and -40°C), leaflets
from the same valve were chosen - one was thawed in a 37°C water bath and
stored at 4°C while the other sample was immediately plunged into liquid
nitrogen, then thawed in the same fashion. [The rapid cooling and warming
rates were experimentally determined to be 158°C/min and 234°C/min by
directly measuring and averaging 3 samples plunged in liquid nitrogen from
0°C, then warmed in a 37°C water bath. Measurements were made using a
copper/constantan thermocouple (Omega, USA) and digital thermocouple
thermometer (Digi-Sense, USA).] Following thawing of frozen samples,
leaflets were removed and washed in PBS at 4°C. Removal of
cryoprotectants was done by placing the leaflets in microfuge tubes (Fisher
Brand) with 1.5 ml PBS and stored at 4°C in ice water for at least 1 hour.
Each condition was repeated in triplicate for n=3.
Cell Membrane Integrity Assay

While samples were in PBS at 4°C following the graded freeze to
remove the cryoprotectants, they were concurrently stained with SYTO/EB.
SYTO/EB stain is a dual fluorescent stain able to assess cell membrane

integrity (32). SYTO 13 (Molecular Probes, Eugene, OR) permeates the cell
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membrane, complexes with DNA and fluoresces green when excited by laser
or ultraviolet light. EB (Sigma Chemical Company, Mississuaga, ON), on the
other hand, is only able to enter cells which have damaged cell membranes
and also complexes with DNA (9) Upon excitation by laser or ultraviolet light,
EB fluoresces red. Celis stained red by EB masks the green fluorescence in
that cell. The dual stain together differentiates between intact and damage
cells. This damage has been shown to correlate to cell viability of cells (33).

The SYTO/EB stain was prepared by adding 150 pl of 25 uM EB stock
solution and 150 ul of 12.5uM SYTO 13 stock solution to 15 mi PBS. Final
concentrations were 2.5 uM EB and 1.25 yM SYTO. This solution was used
to stain the samples and to remove cryoprotectants from the samples over
the minimum duration of 1 hour.
Confocal Microscopy and Analysis

Each sample after being stained was set on a glass slide and covered
with a glass coverslip to minimize dehydration of the sample. By using a
single-photon laser confocal microscope (MD Muitiprobe 2001, Molecular
Dynamics, USA), the dual fluorescence of the SYTO/EB stain was imaged
and captured by computer (Silicon Graphics Indigo, USA) at increasing
depths into the sample. Images were taken at depths of Oum, 30um, 60um
and 90um into the samples. The opacity of the samples limited the depth of
imaging. The images at Oum represented endothelial cells on the surface of
the leaflet while images at 30um, 60um and S90um represented fibroblast cells

in the leaflet matrix (Figure 3.2).
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For each image, the number of ‘viable’ and ‘nonviable’ cells were
counted. Green cells were considered viable, while red and yellow celis were
considered nonviable. Yellow cells were the result of cells stained with SYTO
and insufficient EB to mask the SYTO stain completely. Percent recovery
was calculated as the number of viable cells per total cell count in each
image. A relative recovery was determined for the thawed and plunged
samples by dividing the percent recovery of the experimental sample by the
percent recovery of the internal control sample. The mean and standard error
of relative recoveries for triplicate samples were determined and plotted
against the temperature of initial rapid cooling (Figure 3.3). Trendlines were
determined for conditions of freezing solution and image depth in the leaflet.
3.3 Results
Graded Freezing

Trendlines for ieaflets frozen in PBS, 1M DMSO, 2M DMSO, and 1M
PG are presented in Figures 3.4, 3.5, 3.6, and 3.7, respectively. Depths of
Opm, 30um, 60um, and 90um are shown for thawed and plunged samples
separately. Complete graphical analysis is presented in Appendix I.

In all test solutions, plunged samples showed lower cell recovery than
thawed samples. However, thawed samples did not exhibit 100% recovery at
all temperatures. This substantiates Mazur's two-factor hypothesis of cell
injury during freezing (16). Cell membranes become damaged during both
low cooling rates (1°C/min) and high cooling rates (immersion in liquid

nitrogen).
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Thawed and plunged samples frozen in each solution exhibited
decreasing cell recovery with increasing depths into the tissue. Trendlines
showed greatest recovery from Oum to 30um to 60um to S90um. An exception
was exhibited by freezing in 1M DMSO, which showed lowest recovery at
Oum. Since cells at the Oum depth represent the endothelial cells, fibroblasts
had better recovery under this freezing condition. However, the general
decrease in recovery with increase in depth of the tissue suggested that a
there is another factor leading to cell damage in tissues.

Samples frozen in PBS were controls for graded freezes with
cryoprotectants. Comparing the trendlines for PBS samples (Figure 3.4) to
cryoprotectant samples (Figures 3.5, 3.6, and 3.7) showed an increase in
viability. In PBS samples, viability of thawed samples decreases as the
temperature of rapid cooling decreases. In these samples, the trendlines
exhibited 0% recovery between -30 and -40°C. Trendlines for plunged
samples ranged in viability of 10-20%. Cryoprctectants increased the relative
recovery of thawed and plunged samples. Thawed samples lower
temperatures (-30°C to -40°C) were increased to 40-80% recovery at -40°C,
while leaflets plunged in cryoprotectants increased recovery to 20-60%. This
demonstrates the cryoprotective properties of DMSO and PG.

In some cases, the recoveries of the internal control samples were
lower than its experimental samples and this inflated the relative recovery of
leaflets from that valve. Consequently, some trendlines extend beyond 100%

relative recovery. In the extreme case, the trendline of relative recovery for
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samples thawed from 1M PG was greater than 100% at all temperatures.
These occurred only for depths of Oum, and suggested handling to be the
source of damage.
Cytotoxicity

Leaflets that were exposed to cryoprotectant solutions at 4°C, were
also analyzed by confocal microscopy to determine the effect of
cryoprotectants on celis in the tissue. Viabilities were compared to internal
controls to obtain relative recoveries (Figure 3.8). Data showed 1M DMSO to
be least toxic to both endothelial cells and fibroblasts. 2M DMSO
demonstrated greater toxicity than 1M PG in endothelial cells but, 2M DMSO
and 1M PG exhibited comparable recoveries for fibroblasts. Although
cryoprotectants increased recovery during freezing, they were detrimental to

cell membrane integrity when cells were exposed at 4°C.

3.4 Discussion

One major characteristic of all conditions tested was the decreased
viability of fibroblasts with increasing depths into the leaflet. During freezing
of a tissue, extracellular ice formation begins forming from outside the tissue.
As it progresses, ice begins to form at the surface of the tissue. If ice forms
around the tissue and progresses in towards the centre, solutes are excluded
from the ice and increases the solute concentration. Cells are then exposed
to high solute concentrations at the inner depths of the leaflets. This was

exhibited for thawed and plunged samples in PBS, 1M and 2M DMSO, and
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1M DMSO PG. We have termed this phenomenon “solute centralization” and
this phenomenon would be difficult to overcome in larger tissues.

To rule out the possibility that this was a result of inadequate
equilibration of cryoprotectants, theoretical permeation with DMSO was
determined (Figure 3.9). Based on the diffusion coefficient of DMSO for
articular cartilage (21), a diffusion time of 2.5 to 3.0 min for a heart valve
leaflets of 450um in thickness. Articular cartilage is composed of cartilage
(21), aithough the organization of fibres is slightly different. The diffusion
coefficient described by Muldrew et al. (21) for DMSO would differ little for PG
since the diffusion coefficient is related to the molecular weight. DMSO and
PG have molecular weights of 78.13 and 76.09 g/mol, respectively.
Theoretically, the diffusion of PG into the leaflet would also be 2.5 to 3.0 min.
Cryoprotectant toxicity can also be ruled out as a cause of solute
centralization since the phenomenon was exhibited in the absence of
cryoprotectants (Figure 3.4).

The other major conclusion arising from these experiments was the
demonstration of selective preservation. In samples frozen with PBS, 2M
DMSO and 1M PG, endothelial cells (Oum trendlines) had greater viability
compared to fibroblasts (Figure 3.5). Only 1M DMSO showed higher
recovery for fibroblasts over endotheliai cells (thawed and plunged samples).
This was also shown by determining the mean and standard error of relative
recoveries of samples frozen in PBS, 1M and 2M DMSO, and 1M PG at

depths of Oum, 30pum, 60um and 90um across all temperatures (Figure 3.10).
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1M DMSO samples showed higher recovery with fibroblasts than with
endothelial cells. The ability to select for cell type preservation during
freezing can be quite advantageous. This is similar to cryosurgery.

This investigation has resulted in two major conclusions that must be
considered prior to cryopreservation.  Firstly, cellular membrane damage
results from low and high cooling rates as proposed by Mazur et al. (16) but,
also from concentration of solutes within a tissue due to exclusion by ice
formation (i.e. solute centralization). In cryopreserving heart valves, the
damage to cells within the tissue can be decreased by decreasing
cryoprotectant concentration. Secondly, conditions of freezing allow for the
selection of cell types. Freezing a tissue can selectively ablate one cell type
while preserving another. If the endothelial cells of heart valve leaflets are
sites of recognition for host to graft rejection, a cryopreservation process
which selectively eliminates endothelial cells while maintaining fibroblasts can
possibly improve patient prognosis.
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Figure 3.1. Percent recovery of cell suspensions after graded freezing. Green = thawed
samples in PBS; Blue = plunged samples in PBS. Red = thawed samples in CPA;
Orange = plunged samples in CPA.
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60 um 90 um

Figure 3.2 Confocal images of leaftet at depths of Oum, 30um, 60um, and
90um. Leaftet was frozen in isotonic PBS after cooling at 1°C/min to -20°C,
then plunged in liquid nitrogen. 100x magnification.
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Figure 3.3. Use of trendlines to represent graded freezing data. (Top) Graded

freeze of leaflets in PBS; viability at 30 um depths into leaflet. (Bottom) Graded freeze
of leaflets in 2M DMSO; viability at 60um depths into leaflet. Blue = thawed samples,
Green = plunged samples. Thin black line = trendline for thawed samples;

Thick black line = trendline for plunged samples. Data points represent

mean + standard error for each condition (n = 3).
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Figure 3.4. Trendlines of relative recoveries of graded freezing of

leaflets in 1x PBS. (Top) thawed samples; (Bottom) plunged samples
Black = Oum Blue = 30um Green = 60um Red = 90um
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Figure 3.5. Trendlines of relative recoveries of graded freezing of

leaflets in 1M DMSO. (Top) thawed samples; (Bottom) plunged samples
Black = Oum Blue = 30um Green = 60um Red =90um
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Figure 3.6. Trendlines of relative recoveries of graded freezing of

leaflets in 2M DMSO. (Top) thawed samples; (Bottom) plunged samples
Black = Oum Blue = 30um Green = 80um Red = 90um
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Figure 3.7. Trendlines of relative recoveries of graded freezing of

leaflets in1M PG. (Top) thawed samples; (Bottom) plunged samples
Black = Oum Blue = 30um Green = 60um Red = 90um
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Figure 3.10. Selective viability of endothelial cells (Qum) versus fibroblasts (30, 60,
and 90 um). Mean * SE for samples frozen in each cryoprotectant at each depth.
(Top) thawed samples; (Bottom) plunged samples.
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CHAPTER 4

COMPUTER SIMULATIONS OF CELLULAR RESPONSE
USING THE CRYOSIM3 PROGRAM

4.1. Introduction

In many cases, experiments in cryobiology are conducted using known
initial conditions and the resuilts can only describe the end conditions. The
mechanism of how those results occurred is usually speculative. One way to
test these speculations is to model the response by computer. Computer
simulations have been used to model fluid dynamics, aerodynamics, space
flight, car collisions, business and economics, electrical circuits, and
astrodynamics, to name a few.

Computer simulations have the advantages of being fast, precise and
cost effective. Simulations have the ability to perform a virtual experiment in
minutes while actual experiments would require weeks or months. The high
precision of computer calculations offers reproducible data. However, the
precision of the output data is dependent upon the accuracy of the model and
precision of parameters entered into the simulation. The ability to simulate an
experiment is also highly cost efficient. Experiment costs can be upwards of
thousands of dollars while computer simulations are inexpensive in
comparison. Simulation programs also allow the opportunity to perform
experiments that would either be time consuming or difficult with given
resources. On the other hand, computer simulations are purely theoretical

and may not be representative of all possible variables involved. However, it
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is clear that the advantages offered by computer simulation programs far
outweigh the disadvantages. Overall, computer simulations are a good way
to test our understanding.

The use of simulations in cryobiology is not a novel technique.
Rubinsky and Pegg (5) have previously used a mathematical simulation to
examine the freezing process of organs. Mathematical modeling of the
thermodynamics involved was correlated to experimental data. Similarly,
Poledna and Berger (4) have used computer simulations to visualize ice
formation and the frozen region surrounding a cryoprobe in liver tissue. The
simulation data for the simulated solution and experimental measurements
show differences smaller than the experimental error. This validates the
practical importance of computer simulations. However, these types of
simulations have examined physical mechanisms but were unable to provide
microscopic evaluations of cellular response.

An evolution in computer simulations occurred when Pazhayannur and
Bischof (1) began looking more specifically at cellular conditions with their
simulation program. The simulation model used in this study attempted to
determine the hydraulic conductivity and its activation energy for rat liver cells.
The values were then used to determine water transport in liver tissue.
Reasonable agreement between the simulation and experimental data was
obtained. The value of simulations is evident, yet these simulations lack

critical information necessary for improving cryopreservation techniques.
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The CryoSim3 program was developed by Dr. L.E. McGann, Ph.D.
(University of Alberta, Edmonton, Camnada) and provides additional
information from the simulation. The Windows®-based program has a user
interface (Figure 4.1) which allows parameters to be changed. Cell
parameters include isotonic volume, osmotically inactive fraction, isotonic salt
concentration, and either variable or constant cell surface area. Typically, a
variable surface area is more appropriate for biological cells in suspensions
as supported by Steponkus et al. (6).

Osmotic parameters defined in the simulation program are hydraulic
conductivity, its activation energy; type of cryoprotectant, the permeability of
the cryoprotectant, its activation energy; the reflection coefficient; and the
reference temperature for hydraulic conductivity and solute permeability. The
current version of the simulation program allows the incorporation of one of
four cryoprotectants (DMSO, ethylene glycol, glycerol, and PG).

Initial conditions of the extracellular and intracellular environment with
respect to impermeant and permeant solutes. The cryopreservation
procedure can be specified as rate segments. With a defined starting
temperature, steps of the protocol can be entered as a cooling or warming
rate to specific temperatures or as a holding phase for a defined length of
time. The program is, however, limited to a starting temperature equal to or
above 0°C.

Modeling cellular response requires an understanding of phase

diagrams and freezing-point depression (2,3). The CryoSim3 program
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determines cellular response using the initial parameters and properties of the
solutes involved. These include sodium chioride (NaCl), potassium chloride
(KCI), DMSO, glycerol, ethylene glycol, and PG. Freezing-point depression
data was curve-fit to a quadratic function.

T, = Am+Bm? [1]
where Ty, is the freezing-point depression in degrees C, m is molality, and A
and B constants for the solute. The values of A and B are found in Appendix
Il. This describes a dynamic relationship of solute molality and freezing-point
depression, which is used in determining the output data from the simulation.

Like the input data, the output data of the program is easily
manageable. The output data can be pasted into a spreadsheet and
graphical analysis performed. The CryoSim3 program provides information
about conditions in the cell and its environment. The program provides 1000
data points at equal intervals time during the simulation. Both time and
temperature are recorded at each interval. Also included in the output are the
absolute and relative cell volumes. The degree of supercooling and
intracellular and extracellular concentrations of impermeant and permeant
solutes is also calculated from the simulation.

The aim of this study is to use computer simulations to determine the
conditions and environments of the endothelial cells and fibroblasts during
different steps of the cryopreservation protocol. A number of different aspects
of the protocol are examined, including the specific effects the osmotic

parameters, equilibration of cryoprotectants, varying cooling rates, graded
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freezings, varying warming rates, and removal of cryoprotectants. The data
from these simulated experiments will provide insight into cellular response to
cryopreservation.

4.2. Computer Simulations

Validating the CryoSim3 Program

To ensure the computer simulation program was functioning properly,
osmotic simulations were performed with and without cryoprotectants.
Results of these simulations were used as input data in a separate
curve-fitting program to derive the osmotic parameters, which were then used
compared to the parameters used in the simulation.

Simulations were performed modeling endothelial cell response
to hypertonic conditions (2x, 3x, 4x, and 5x PBS) (Figure 4.2) using an
osmotically inactive fraction of 0.399, hydraulic conductivity of 0.429
Hm/min/atm. The data from the simulation of endothelial cells exposed to 2x
PBS at 22°C was plotted as relative volume versus time (Figure 4.3). By
curve-fitting the data, values for V, and L, were determined to be 0.399 and
0.435 ym/min/atm. Determined values in comparison with simulation values
for Vy, and L, showed errors of 0.0% and 1.4%, respectively, indicating that
the simulation program models water movement within acceptable errors.

Similarly, a simulation of fibroblasts exposed to 1M DMSO at 22°C was
performed using a hydraulic conductivity of 0.430 pm/min/atm and solute
permeability of 7.98 pym/min. Determined L, and Ps values were 0.460

Hm/min/atm and 7.99 ym/min, respectively (Figure 4.5). This gives errors of
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7.0% for L, and 0.1% for Ps. The error for this simulation demonstrated that
the simulation program satisfactorily models cryoprotectant and water
movement.

The Effect of Osmotic Parameters on Cell Volume Kinetics.

To understand the role of each osmotic parameter, simulations were
performed to demonstrate the effect of changes in osmotic parameters on
cellular volume kinetics. This understanding helps when comparing osmotic
parameters of different cell types.

A "baseline" cell response was simulated for a cell exposed to 3X
isotonic PBS (Table 4.1). Subsequent simulations were performed with
changes to a single parameter for each simulation. Parameters examined
were isotonic volume, osmotically inactive fraction, hydraulic conductivity, its
activation energy, and presence of 1M DMSO.

Figure 4.6 represents simulations of a cell having parameters outlined
in Table 4.1. The baseline kinetic simulated using the parameters in Table
4.1 were changed in four parameters. V, was changed to 4000 ym®. This
resulted in a curve that reached the equilibrium volume fraction slower. A
larger isotonic volume requires more water to be removed from the cell.
Since the hydraulic conductivity remains unchanged, it requires more time for
water to exit the cell. A decrease in osmotically inactive fraction from 0.4 to
0.2 had 2 implications: firstly, there was a decrease in equilibrium volume
fraction, secondly, the time required to reach equilibrium increased. Both

effects result from the larger volume of free water. Increasing L, to 0.4
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pm/min/atm led to an increase in slope during cell shrinkage. The cell
reached equilibrium volume fraction faster with an increase in L,. Reduction
of the activation energy from 10 to 5 kCal/mol reflects a change in water
permeability. The baseline kinetic with an L, of 0.2 pm/min/atm at T.=0°C will
change more with an E; of 10 kCal/mol at 22°C; L, will be smaller and
hydraulic conductivity lower.

Figure 4.7 examined the role of each parameter in the presence of a
cryoprotectant (1M DMSO). Changing V, to 4000 pm? in the presence of
DMSO is similar to exposure to hypertonic PBS. The curve is shifted to the
right. More time is required for water to leave the cell then return.
Decreasing Vp to 0.2 moves the curve down as before as more active water is
in the cell and is able to exit the cell. Changing L, to 0.4 um/min/atm lead to
an increase in slope during cell shrinkage. In addition, the minimum volume
was decreased. The increased water permeability means faster water
movement and further cell shrinkage occurs compared to the baseline curve.
An increase in L, activation energy to 20 kCal/mol magnifies this situation as
the increased E, reflects the increase in L,. Decreasing Ps has a similar
effect. A smaller Ps results in more cell shrinkage compared to the baseline
curve. As there is less cryoprotectant moving into the cell, water leaves the
cell to compensate for the increasing extracellular solute concentration and
osmotic gradient. Like the Lp activation energy, Ps activation energy reflects
change in permeability due to temperature. The lower E; means a lower P,

as previously described.
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These simulations illustrate the effect of each parameter individually.
However, it is critical to recognize that cell types differ in each of these
parameters. This fact makes it difficult to compare the response of cells as
differences in osmotic parameters have additive and antagonistic effects and
can also vary in magnitude. Cellular response is a complex interaction of a
number of parameters.

Simulations of Cryoprotectant Equilibration of Endothelial Cells and
Fibroblasts.

Endothelial cells and fibroblasts were exposed to 1M DMSO, 2DMSO,
and 1M PG over the duration of 1 hour at 4°C by computer simulation.
Parameters used were determined previously (Table 2.5). Figures 4.8 and
4.9 illustrate the time for endothelial cells and fibroblasts, respectively, to
equilibrate to 1M DMSO, 2M DMSO, and 1M PG.

Equilibration times were determined from the simulation data.
Equilibration can be measured in two ways. Firstly, by return to isotonic
volume and secondly by intracellular cryoprotectant concentration. In this
study, equilibration was defined using two different criteria: return to 99% of
the isotonic volume and intracellular cryoprotectant concentration at 99% of
the extraceliular concentration. Time of equilibration for each cell type and
cryoprotectant is shown in Table 4.2. For all cryoprotectants, endothelial
cells equilibrated more rapidly than fibroblasts, based on both volume and
concentration criteria. Endothelial cells equilibrated most rapidly with 1M

DMSO, then 1M PG and finally 2M DMSO. Fibroblasts, on the other hand,
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equilibrated most rapidly in 1M DMSO, then 2M DMSO, and finaily 1M PG.
Equilibration of intracellular cryoprotectant concentration occurred before cell
volumes returned to the isotonic volume.

Generally, equilibration required less than 1 hour. The critical factor is
cryoprotectant concentration, which protects the cell from "solution effects”
(McGann). Since the toxic effects of the cryoprotectants have been shown to
occur previously in Chapter 3, shortening the time for equilibration during
cryopreservation reduces the toxicity experienced by the cells.

Simulations of Varying Cooling Rates

Endothelial cells and fibroblasts were cooled and frozen at varying
cooling rates (1, 10, 25, 50, 75 (fibroblasts only), 100, and 158°C/min).
Parameter used were previously determined (Table 2.5). cells were cooled
from the starting temperature of 0°C. Both cell types were cooled in isotonic
PBS and 1M DMSO. Cells in 1M DMSO were assumed to be equilibrated
and hence hand an intracellular and extracellular cryoprotectant concentration
of 1M.

During cooling, the degree of supercooling in cells influences the
likelihood of intracellular ice formation during the rapid freezing phase of
cryopreservation. Comparing the cooling rate of 50°C/min for endothelial
cells and fibroblasts (with or without cryoprotectants) (Figure 4.10), maximum
supercooling for fibroblasts occurs between -15°C and -20°C, while at

50°C/min endothelial cells continued to supercool at -40°C.
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The addition of a cryoprotectant to the cryopreservation solution leads
to decreased supercooling for both cell types. The initial supercooling when
cells are cooled at 1°C/min was practically eliminated in the presence of 1M
DMSO. Permeating cryoprotectants are considered to protect against
"solution effects" but this study shows 1M DMSO to partially protect against
intracellular ice formation as well by reducing the degree of supercooling.
Simulations of Graded Freezing

Simulations of the conditions from graded freezing experiments were
performed for both endothelial cells and fibroblasts in isotonic PBS, 1M
DMSO, 2M DMSO, and 1M PG. Parameters used were previously
determined (Table 2.5). Cells in cryoprotectants were equilibrated and had
identical intracellular and extracellular cryoprotectant concentrations.

The graded freezing protocol called for cells to be cooled from 0°C to
-5°C at a rate of 1°C/min. The cells were then held for 5 minutes to allow for
release of latent heat of fusion. Each simulation was identical to this point in
the protocol. Simulations then rapidly cooled (158°C/min; determined
previously in Chapter 3) cells at -5, -10, -15, -20, -25, -30, and -40°C after
being cooled to the experimental temperature at 1°C/min.

Graphical analysis plotted the degree of supercooling at -40°C against
the temperature which rapid cooling was initiated. Figure 4.11 represents
results for endothelial cells in PBS, 1M DMSO, 2M DMSO, and 1M PG.
Figure 4.12 represents results for fibroblasts in PBS, 1M DMSO, 2M DMSO

and 1M PG.
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Endothelial cells and fibroblasts show a decrease in supercooling
when the cells are cooled slowly (1°C/min) to lower temperatures prior to
rapid cooling. Supercooling in all solutions was near 0°C at -40°C indicating
that slow cooling to -40°C decreased the likelihood of lIF. With the addition of
cryoprotectants, endothelial cells and fibroblasts showed increased
supercooling compared to graded freezing in PBS alone. Endothelial cells
and fibroblasts showed greatest supercooling with 2M DMSO, 1M DMSO,
then 1M PG.

Supercooling in fibroblasts was less than endothelial cells with all
experimental solutions. This was due to the increased solute permeability for
fibroblasts with DMSO and PG. The higher Psleads to greater concentrations
of cryoprotectants intracellularly thus displacing more water and decreasing
the supercooling of water. The higher degree of supercooling in endothelial
cells suggests a greater likelihood of intracellular ice formation. From
comparisons of experimental graded freezing data presented in Chapter 3
and simulation data, greater supercooling of endothelial cells in PBS, 2M
DMSO, and 1M PG correlates to low endothelial cell recovery. The lower
recovery in 1M DMSO must be a result of this and another form of cellular
injury.

Simulations of Cryoprotectant Removal from Endothelial Cells and
Fibroblasts.
Simulations were performed with endothelial cells and fibroblasts held

at 4°C for the duration of 1 hour in isotonic PBS. Two sets of values for solute
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permeability and its activation energy were used for each cell type. The first
set, were values determined from returning cells equilibrated in
cryoprotectants to isotonic conditions (‘removal’). The second set used were
values determined from experimental exposure to cryoprotectants (‘addition’).
Parameters used are listed in Table 4.3.

Figure 4.13 shows cell volume kinetics from the simulated removal of
cryoprotectants. Using the first set of values, endothelial cell volume
increased greater than that of fibroblasts using the same cryoprotectant. This
increased volume also reflects a longer time to return to isotonic volume. For
both cell types, volume increase is greatest with 2M DMSO, then 1M PG and
finally 1M DMSO. The large volume expansions can be remedied by
performing step-wise dilutions. However, the CryoSim3 program was unable
to perform that procedure.

Using the second set of values, kinetics generally showed larger cell
volume increases compared to volumes using the first set of values.
Removal of cryoprotectants for endothelial cells resulted in faster return to
isotonic volume and lower volume increases. This was due to higher Ps
values for DMSO and PG at 4°C for endothelial cells.

To determine which set of values was more accurate, simulated
kinetics for the removal of 1M DMSO from fibroblasts were compared to
experimental volume kinetics (Figure 4.14). The experimental data fitted

closer with volume kinetics based on values of the first set. Although the
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kinetics was not exact, the use of the ‘removal’ values for Ps and Ea were
better at modeling cellular response to cryoprotectant removal.

Based on these volume kinetics, times for removal can be determined
from simulations. Like equilibration removal of cryoprotectants was judged
either on return to 101% isotonic volume or 1% of initial intracellular
cryoprotectant concentration. Table 4.4 show removal times. Fibroblasts
returned to isotonic volume and reduced cryoprotectant concentration faster
than endothelial cells with each cryoprotectant tested. Like equilibration,
removal of cryoprotectants intracellularly occurs before the celis return to
isotonic volume. Again, cryoprotectant concentration is the critical factor to
consider.

4.3. Conclusions

Computer simulations were able to provide a number of important
insights into the response of endothelial cells and fibroblasts to
cryopreservation.

Typical cryopreservation protocols use at least 1 hour for equilibration
and cryoprotectant removal. These simulations have shown that equilibration
and removal of cryoprotectants can be done in less than 1 hour.

The simulations have also examined the degree of supercooling at
varying cooling with and without cryoprotectants. The differences in cell and
osmotic parameters have shown that fibroblasts undergo less supercooling
than endothelial cells. Endothelial cells as a result have a greater likelihood

of forming intracellular ice.
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By understanding the osmotic response of cells during

cryopreservation, a procedure can be designed to improve conditions to

which cells are exposed.
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Figure 4.1. User interface of the Sim3computer simulaion program.

Fields allow for different conditions and parameters of cryopreservation.

Table 4.1. Baseline cell and osmotic parameters used to
examine their effects on cell kinetics of an arbitrary cell.

Cell parameters

Osmotic Parameters

V., = 3000 um3

T,=0C

V, = 0.400 L, =0.200 E.L)=10
C,=03 P, = 0.400 E.(P)=20
Variable surface area sigma =1

Initial Conditions Rate Segments

Extracellular

Imperment = 0.9 Osm/kg
Permeant = 0 moial
Intracellular

imperment = 0.3 Osm/kg
Permeant = 0 moilal

Start temp. = 22°C

Step 1: Hold for 5 min
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Figure 4.2. Simulated kinetics of endothelial cells exposed to
hypertonic PBS solutions at 22°C. Simulation parameters based
upon those in Chapter 2.
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Figure 4.3. Determination of V,, and L, from simulated kinetics of

endothelial cells in 2x PBS solution at 22°C.
Vb = 0.435, Lp = 0.399 um/min/atm

95



o
(0}
1

Relative Volume (VIVo)
(o]
o}

04
o] 1 2 3 4 S

Time (min)

Figure 4.4. Simulated kinetic of fibroblasts exposed to 1M DMSO
at 22°C. Simulation parameters based upon those in Chapter 2.
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Figure 4.5. Determination of L, and P, from simulated kinetics

of fibroblasts exposed to 1M DMSO at 22°C.
Lp = 0.460, Ps = 7.99 um/min
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Figure 4.6. Effect of changes to cell and osmotic parameters on cell kinetics

of a cell having initial parameters in Table 4.1 and in 3x isotonic PBS.
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Figure 4.7. Effect of changes to cell and osmotic parameters on cell kinetics
of a cell having initial parameters in Table 4.1 and in 1M DMSO.
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Figure 4.8. Equilibration during addition of cryoprotectants to endothelial cells at 4°C.
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Figure 4.9. Equilibration during addition of cryoprotectants to fibroblasts at 4°C.

Table 4.2. Equilibration time (min) of endothelial cells and fibroblasts

exposed to cryoprotectants at 4°C. Cells are equilibrated at 99%
isotonic volume or at 99% intracellular cryoprotectant concentration.

Endothelial Fibroblast
Volume [CPA] Volume JCPA]
1M DMS 30.4 19.6 48.7 33.1
2M DMS 54.2 24.4 60+ 42.1
1M PG 24.3 15.1 60+ 60+

99



(2,) 2anjesadwa)
(0,) aamesadway i e - ol Y
- oe- [07Ad ol- m*h , I . L - 0
g _ X . L O / ..m ‘m
/ . S .m - ol m
, -0l w UIW/D, 8 e gl o
UlWIO,8G ) = (1) o UW/Q,00 ) smeme oz mV
u — - UIWfD,G) mmme
1W/2.001  © < §
UIWD,GL mememe S UIw}9, 08 ~——— 3
< ¥ U 0,67 o « §
w08 ~~e 3 p R F g
UL D,6Z -~ =~ oe m c“_ _ ,W%FI o 3
w0l s———— e m o b= o \W
Wz, | o .mm o 8
9 L
(0,) ampesadwiay
ainjesadwa) )
{9,) oy o = o o oo
ov- 0e- 0e- ol 0 - _ ./ )
Ww.'yl..l, — - _ \ M
= / S .m /.i\ o &
RN ot sl m
m T 2
UIWrO, 891 — st e UIWfD,00} ——— e ¢
U|Wy3,00) ~—— (074 mv c__Eo.ow.lt! & W
UIWIQ,0G ~—r 3 U D62 e e
UMDY D,GT = s a U|WO,04 —— \ () W
U/, 0 e o 0e w Uy, | « 3
ujwo, | % 3 o M
¥ g -4
L op

100



35 4

30 1

25

20 A

15

10 -

Degree of Supercooling at -40°C (°C)

EEre—
——PBS

|—— 1M DMSO
——2MDMSO
|——1MPG

-5 -10 -15 -20 -25 -30
Temperature at Rapid Cooling (°C)

-40

Figure 4.11. Degree of supercooling of endothelial cells at -40°C after simulated

graded freezing in PBS, DMSO, and PG solutions.
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Figure 4.12. Degree of supercooling of fibroblasts at -40°C after simulated

graded freezing in PBS, DMSO, and PG solutions.
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Figure 4.14. Comparison of simulated removal of 1M DMSO from fibroblast cells with

experimental data. Removal of 1M DMSO was done at 4°C. (+) based on values from
addition of CPAs in Chapter 2; (-) based on values from removal of CPAs in Chapter 2.

Table 4.4. Removal time (min) for endothelial and fibroblast celis after returning
to isotonic conditions at 4°C post-thaw. Cryoprotectants are removed when cells
are at 101% isotonic volume or at 1% intracellular cryoprotectant concentration.
Times were based on values of P, and E, from the removal of CPAs data.

Endothelial Fibroblast
Volume | [CPA] | Volume | [CPA]
1M DMSO 15.2 8.4 9.1 3.8
2M DMSO 18.4 96 116 42
1M PG 18.1 12.5 1.7 6.7
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CHAPTER 5
GENERAL CONCLUSIONS

5.1. Review of Thesis Objectives

The objective of this thesis was to investigate the osmotic parameters
of endothelial cells and fibroblasts isolated from porcine heart valve leaflets
during conditions of cryopreservation. The experimentally determined
parameters were then used in computer simulations to model and predict
cellular response in various other cryopreservation conditions. Correlating
graded freezing simulations experimental data from graded freezing provided
information about the limits of cellular viability in heart valves after
cryopreservation. The limits can be used to set guidelines for optimal
cryopreservation.

5.2. General Conclusions

Our current understanding of cryopreservation has been founded on
principles developed by studies of cells in suspension. In examining
cryopreservation of tissues, the complexity of interactions of cells with the
environment has increased. Heart valve leaflets are relatively small tissues,
but this investigation has established another form of cellular damage.
Exclusion of solutes during extracellular ice formation in a tissue causes
increased solute concentration localized to the centre of the tissue. This has
been termed “solute centralization”. As ice penetrates into the tissue from the
exposed surfaces, solutes are excluded from the ice front. Consequently,

solutes begin to concentrate at inner depths of the tissue. High solute
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concentrations damage cells in suspension. Further increases in solute
concentration would lead to greater degrees of damage to more cells in tissue
systems. This phenomenon is magnified and more problematic for larger
tissues and organs, as higher solute concentrations result from ice formation.

This thesis has also demonstrated the concept of selective
preservation. Graded freezing experiments with 1M DMSO have shown that
endothelial cells had reduced recovery compared to fibroblasts. For heart
valves this can be beneficial since previous studies indicate that endothelial
cells of heart valves initiate an immunological response. Eliminating
endothelial cells with cryopreservation may improve the life span of heart
valves after transplantation. However, improving the life span of heart valves
also requires fibroblast viability. Yet, maximizing fibroblast recovery while
reducing endothelial cell recovery requires an understanding of the cellular
responses during cryopreservation.

This investigation has determined the parameters of cellular osmotic
responses for endothelial cells and fibroblasts. For these two cell types, the
hydraulic conductivity and solute permeability are the major differing factors to
consider. The hydraulic conductivity for endothelial cells were determined to
be lower than that of fibroblasts at 0°C and the difference in hydraulic
conductivity would continue to increase as temperature decreased. This
implies that during cryopreservation, the cell volume would be greater for
endothelial celis than fibroblasts. With 1M DMSO, solute permeability at 0°C

was greater for endothelial cells, but the activation energy indicates that the
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solute permeability for endothelial cells will be lower at some temperature
below 0°C. During cryopreservation, the decreased solute permeability with
the decrease in temperature causes endothelial cells to respond slower to
osmotic changes than fibroblasts. Once these parameters were established
for endothelial cells and fibroblasts of heart valve leaflets, computer modeling
allowed us to predict cellular response under various conditions during
cryopreservation.

Modeling cellular response of endothelial cells and fibroblasts in this
study indicate substantial differences under identical conditions. Naturally,
these differences can be used to achieve the demonstrated selective
preservation more effectively. Simulations using various cooling rates
showed endothelial cells to undergo greater degrees of supercooling. This
was true for cells in either PBS or 1M DMSO. The greater degree of
supercooling was a result of the lower hydraulic conductivity and lower DMSO
permeability at the sub-zero temperatures used during cryopreservation.

From the data and results in this study, we offer two recommendations
to improve overall heart valve viability. Firstly, equilibrating the addition of 1M
DMSO should be performed in 35 min to reduce the exposure time of cells to
high solute concentrations. This reduces the toxic effects of DMSO on
fibroblasts in order to retain high recovery of viability. We also recommend
that the cryopreservation protocol be adapted such that heart valves are
cooled at 25°C/min to -15°C then immediately immersed and stored in liquid

nitrogen. This protocol takes advantage of the higher degree of supercooling
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in endothelial cells with these conditions. The greater degree of supercooling
increases the likelihood of intracellular ice formation and this is potentially
damaging to the cell. This would be ideal if endothelial cells are damaged
while fibroblasts are preserved since eliminating the endothelial cells will
reduce rejection.

Of course, these adaptations to the current cryopreservation protocol
for heart valves need to be validated in future research. Subsequent
investigations should also attempt to extend the knowledge from these
studies to human heart valves. Findings from this and other research will
extend our understanding of tissue cryopreservation thus allowing us better
procedures to potentially establish tissue and organ banks.

The findings of this thesis will hopefully advance and initiate further
investigations of tissue preservation using a variety of techniques. For
medical purposes, the cryopreservation of tissues and organs needs to be the
focus. However, the successful replacement tissue or organ may not
necessarily require preservation of all cells, as may be the case with heart
valves. Perhaps we need to adapt our thinking of cryopreservation with

regards to tissues and organs.
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Appendix l.a Graded freezing of intact porcine heart valve leaflets in isotonic PBS.

Relative recoveries determined by confocal microscopy at depths of 0, 30, 60 and 80 um.

Thin black line-trendline for thawed (blue); Thick black line-trendline for piunged (green).
Data points represent mean + standard error for samples (n = 3).
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Appendix I.b Graded freezing of intact porcine heart valve leaflets in 1M DMSO.
Relative recoveries determined by confocal microscopy at depths of 0, 30, 60 and 90 um.
Thin black line-trendline for thawed (blue); Thick black line-trendline for plunged (green).
Data points represent mean + standard error for samples (n = 3).
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Appendix |.c Graded freezing of intact porcine heart valve leaflets in 2M DMSO.

Relative recoveries determined by confocal microscopy at depths of 0, 30, 60 and S0 um.
Thin black line-trendline for thawed (blue); Thick biack line-trendline for plunged (green).
Data points represent mean * standard error for samples (n = 3).
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Appendix I.d Graded freezing of intact porcine heart valve leaflets in 1M PG.

Relative recoveries determined by confocal microscopy at depths of 0, 30, 60 and 90 um.
Thin black line-trendline for thawed (blue); Thick biack line-trendline for plunged (green).
Data points represent mean + standard error for samples (n = 3).
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Appendix Il. Quadratic function of freezing-point depression curve-fit data.

Tfp=Am+Bm2; Ty is freezing-point depression in degrees C, A and B

are constants, and m is soiute molality.

NaCl KCI DMSO | Glycerol PG EG
A 3.165 3.239 1.832 2.012 1.700 2.086
B 0.161 0.000 0.159 0.020 0.153 0.007
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