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Abstract

The success of cellular cryopreservation is indicated by the state of
post-thawed cells. Using human umbilical vein endothelial cells as a
model, the cryobiological response to interrupted cooling protocols was
evaluated with a combination of fluorescence microscopy and flow
cytometry. Cryoinjured cells were identified using fluorescence intensity
with flow cytometry, where light scatter gating strategies were shown to
have limitations. Plasma membrane integrity has become the standard
assay for post-thaw cell survival. This investigation provided a direct
comparison of the integrity of the plasma membrane with the functional
state of mitochondria in frozen-thawed cells. A disconnect was found
between these two sites of cryoinjury: at specific low temperature
conditions cells with depolarized mitochondria still had an intact plasma
membrane. This result indicates that different mechanisms may affect
each of these sites of cryoinjury. These findings are of interest in
understanding the mechanisms of cryoinjury required to minimize cell

damage during cryopreservation.
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Chapter 1 — Introduction

The success of cryopreservation protocols is dependent on the
ability of cells to survive the process of freezing and thawing. Survival is
typically assessed by interpreting the state of the cell post-thaw. The
integrity of the plasma membrane has become one of the standard
methods of determining the viability of cells in cryopreservation
procedures. However, the cell is a complex entity and the capability of
cells to carry out a diverse number of critical processes within the human
body suggests that the cell plasma membrane is only a partial reflection of
cell viability. There has been increased interest in testing various aspects
of cell function when developing cryopreservation protocols to alleviate
damage to various components of frozen-thawed cells. A comparison of
freezing injury to two different cell constituents will give insight into the
mechanisms of cell damage during cryopreservation, and lead to the
development of novel approaches of protecting cryopreserved cells in

future protocols.

1.1 Cryobiology and its applications

The field of cryobiology is concerned with the study of life at low
temperatures. Cryopreservation is the utilization of low temperatures for
the purpose of long term storage of cells and tissues. However, the

change of conditions involved with decreasing temperatures and the



phase transition as water solidifies to ice have deleterious effects on cells.
This presents cryobiologists with a peculiar dilemma as low temperatures
have the ability to preserve cells for long periods of time by slowing
metabolic activity and suppressing biochemical reactions, but the
progression to these temperatures is potentially harmful. The underlying
challenge in cryobiology is to bring cells down to preservation
temperatures without damaging them in the process. Cryobiologists
continue to pursue this ambitious undertaking and have had much
success in the preservation of cells and tissues despite the potentially
damaging effects of freezing.

Preservation of cells and tissues benefits through collaboration
among a diverse number of scientific fields, including medicine, bio-
conservation, agriculture, and food science. The challenges involved in
preservation often require a ‘mixed bag’ of experts from diverse fields
including engineers, medical physicians, physicists, chemists, and
biologists.

Cryopreservation plays a key role in the long term storage of
natural and engineered tissues for medical applications. The availability of
smaller components such as valves and vessels for reconstructive surgery
help to alleviate the demand for whole organ transplantation. Human
umbilical cord cells are a readily available and ethically attainable source
of endothelial cells that are being investigated for use in engineered

cardiovascular tissues [19]. Endothelial cell loss and degeneration during



cryopreservation [17, 41] poses a particular problem in preservation of
engineered tissues. The added complexity of cell-cell and cell-matrix
interactions influences the cryobiological responses of cells at low
temperatures [43, 56]. This study uses human umbilical endothelial cells
(HUVEC) in suspension to investigate the cryobiological responses of

these cells throughout slow and rapid interrupted cooling protocols.

1.2 Cryoinjury

There are several excellent reviews on the effects of freezing when
subjecting cells to low temperatures [12, 15, 25, 35, and 36]. The cooling
of cells in suspension and the initiation of ice nuclei at high subzero
temperatures results in ice growth in the extracellular space, and continual
cooling to further subzero temperatures leads to continued ice crystal
growth that removes pure water from the solution as ice. Removing water
as ice leads to the solutes in the remaining unfrozen liquid fraction
becoming increasingly concentrated. An imbalance in osmolality occurs as
the solute concentration in the interior of the cell is less than in the
exterior, resulting in the formation of an osmotic gradient. In order to
restore equilibrium, a cooling rate dependent cell response will take place.
At low cooling, the cell will efflux water in response to formation of
extracellular ice and the cell will be able to remain close to osmotic
equilibrium as long as the cooling rate is sufficiently low to allow for

dehydration at the same rate that extracellular ice is forming. At cooling



rates too high for the cell to maintain equilibrium by loss of intracellular
water, the unfrozen fraction within the cell becomes increasingly
supercooled and equilibrium is then achieved by the formation of ice
intracellularly. Under both of these circumstances the responses of cells to
maintain equilibrium at cooling rates too low or too high have the potential
to induce injury.

The “two-factor hypothesis" of freezing injury proposed by Mazur et
al. includes both of these potentially injurious scenarios [29]. The water
lost from dehydrating cells at lower cooling rates leads to increased
intracellular and extracellular solutes, causing what has been termed
“solution effects” injury [29]. Rapid cooling does not allow enough time for
water to sufficiently efflux from the cell as the cytoplasm becomes
increasingly supercooled, increasing the probability of intracellular ice
formation (IIF) [29]. A cooling rate is considered optimal for a given cell
type if it is high enough to minimize solution effects but low enough to
decrease the probability of intracellular ice.

There are various theories to explain the occurrence of cell injury
when cooling at lower than optimal rates. Lovelock proposed that cell
damage was due to high salt concentrations, as water is removed during
water efflux and solutes concentrate inside the cell [22]. These high salt
concentrations cause the cell membrane to become leaky, leading to
higher concentrations of intracellular salt and a greater influx of water

upon dilution causing cell lysis [22]. Meryman hypothesized that there is a



critical limit of volume to which a cell can shrink and that a mechanical
resistance to further shrinkage occurs when reaching this minimal volume.
According to Meryman, this minimum volume leads to the occurrence of a
pressure gradient across the cell membrane that allows for influx of
solutes into the cell [38]. Returning the cell to isotonic conditions upon
thawing significantly increases cell volume, resulting in membrane
damage and lysis [38]. Cells may also be adversely affected by
temperature changes (thermal shock) and show post-hypertonic damage
during thawing (dilution shock) [11]. The damage from slow cooling
presents a potentially injurious scenario to cells as solutes concentrate
both intracellularly and extracellularly in the presence of ice that can alter
the cell membrane and its properties.

The occurrence of cell damage due to high cooling rates has been
most commonly linked with the formation of intracellular ice. There is a
significant amount of evidence to suggest that the formation of intracellular
ice is a lethal event for cells in suspension [14, 25, 26, 39, 40, 42, and 59].
At these high rates of cooling in the presence of extracellular ice the cell
cytoplasm can become supercooled. This may be attributed to the plasma
membrane acting as a barrier to propagation of extracellular ice [27] and
the existence of few ice nucleators in the cytoplasm to initiate ice
formation [13, 47]. The response of cells at low temperatures is dictated
by the movement of water across the membrane during cooling. When

cooling rates are too high for the cell to efflux enough water to maintain an



osmotic equilibrium with the extracellular solution, the potential for IIF
occurs. However the mechanism of intracellular ice nucleation is still a
matter of debate and may occur through different mechanisms. i)
Extracellular ice crystals could induce intracellular ice to form by the tip of
the ice crystal growing through pores in the cell plasma membrane [27]. ii)
A damaged or leaky membrane may allow for the propagation of
extracellular ice crystals intracellularly and initiate IIF [5]. iii) The plasma
membrane may act as an ice nucleator, allowing for the formation of
intracellular ice as the plasma membrane structure is altered when it
interacts with extracellular ice, allowing for surface catalyzed nucleation
[59].

The occurrence of damage is not limited to the cooling portion of
protocols alone. Small ice crystals that form during rapid cooling may
recrystallize during warming. These small ice nuclei grow into larger ice
crystals at lower warming rates that can be damaging to the cell [29]. The
phenomena of recrystallization is generally avoided at rapid warming rates
as there is insufficient time for ice crystals to grow before they reach their

melting point [26].

1.3 Methods in cryopreservation

1.3.1 Conventional cryopreservation procedures
Taking into account the aforementioned causes of cell damage at

low and high cooling rates, cryoinjury generally results from two things:



elevated solute concentrations [22, 29], and the formation of intracellular
ice [24, 28, 59]. Cooling strategies aim to minimize these main causes of
cryoinjury as cells progress through the freeze-thaw cycle, and have been
implemented into conventional methods of cryopreserving cells.
Conventional cryopreservation protocols use a single constant cooling rate
and cryoprotectant concentrations that are empirically optimized in order
to minimize freeze related stresses for a particular cell type. These
protocols aim to minimize the amount of ice formation during
cryopreservation by depressing the freezing point; at low cooling rates
reduced extracellular ice will lessen the concentration of solutes and at
high cooling rates repression or inhibition of ice will decrease probability of
lF.

In addition to cooling rate, cryoprotectants have played a large role
in conventional cryopreservation protocols. Since the discovery of the
cryoprotective action of glycerol in 1949 by Smith, Polge and Parkes, [46]
cryoprotectants have shaped the manner of cell preservation for decades
to follow. Typically these cryoprotectants are divided into two classes of
permeating and non-permeating agents based on their ability to traverse
the cell membrane [37]. Permeating cryoprotectants are mainly associated
with protection from slow cooling injury by reducing ice formation and
protecting cells by decreasing the concentration of extracellular solutes
and amount of cell dehydration during cooling [37]. The action of non-

permeating cryoprotectants is less understood but may allow for loss of



cell water from higher subzero temperatures and protect cells from injury
during high rates of cooling [30]. However, osmotic stresses from the
addition and removal of cryoprotective agents themselves potentially
impose stress on cells in addition to freezing and thawing [16, 49].
Although cryoprotectants have played a large role in past preservation

studies they are not the focus of this thesis.

1.3.2 Interrupted cooling protocols

Conventional cooling protocols minimize cell damage by combining
cryoprotectants with constant cooling rates to cool cells down to storage
temperatures. However, it has been shown that interrupting this cooling
process at higher subzero temperatures may improve the outcome of
surviving cells after plunging into liquid nitrogen (-196 °C) [9], a strategy
that had been previously shown in studies by Luyet and Keane [23], as
well as by Taylor [54]. These studies emphasized a step that pre-exposed
cells to an intermediate temperature to minimize cell damage when
plunging to storage temperature in liquid nitrogen [23, 54].

The interrupted rapid cooling technique, also referred to as two-
step cooling, can not only be used to optimize cell recovery but also to
investigate cell responses during cryopreservation protocols. Farrant et al.
subjected lymphocytes directly to various high subzero temperatures by
immersing sample tubes into an alcohol bath for various periods of time
before either a) directly thawing from that temperature, or b) plunging into

liquid nitrogen and subsequently thawing [9]. The beneficial effect of this



cooling strategy over conventional procedures is that cells are initially
cooled directly to a particular temperature, and then held at that
temperature for a period of time while a protection is conferred before the
subsequent plunge. The protective effect may be explained by the
removal of intracellular water at the hold temperature, thereby decreasing
the probability of 1IF during the plunge into liquid nitrogen [34]. This
technique has been used in other studies to explore the effects of
prolonged hold time at intermediate subzero temperatures [31], as well as
to investigate the action of penetrating and non-penetrating cryoprotective
agents [34].

Around the time that interrupted cooling techniques were being
introduced, there was particular interest in understanding the effects of
cooling rate and cryoprotectant for a variety of cell types [8, 10, 20].
McGann used a variation of the two-step freezing procedure to examine
the effects of cooling rate on the survival of fibroblasts over a range of
subzero temperatures [30]. During interrupted slow cooling, or graded
freezing, cells were cooled at relatively low rates to various intermediate
subzero temperatures before being a) directly-thawed from that
temperature, or b) plunged into liquid nitrogen and subsequently thawed
[30].

These techniques allow for separation of damage that occurs when
cells are cooled to, held at (two-step), and thawed from the intermediate

temperature; from damage to cells that occurs when cooling cells to the



storage temperature (-196 °C). Using two-step cooling McGann and
Farrant showed that two different phases of damage occurred to Chinese
hamster fibroblasts as directly thawed cells were damaged by lower hold
temperatures and long hold times, whereas damage was reduced for
plunge-thawed cells at lower hold temperatures and longer hold times
[31]. Interrupted cooling can be used to investigate the occurrence of cell
damage during cooling protocols in order to further understand how low
temperatures affect cells and also to help discern mechanisms of

cryoinjury.

1.4 Assessments of cryoinjury

1.4.1 The integrity of the plasma membrane

The success of cryopreservation protocols is evaluated using cell
survival or viability. Viability can be described as “the ability of a treated
sample to exhibit a specific function or functions, expressed as a
proportion of the same function exhibited by the same sample before
treatment or an identical fresh untreated sample” [44]. In cryobiological
studies, the measurable function for viability is commonly a quantification
of the integrity of the plasma membrane.

The plasma membrane plays an important role in the context of
cryopreservation, as it is actively involved in the cell osmotic responses
and acts as a physical barrier during the formation of extracellular ice. The

membrane may also be physically involved in IIF either through its
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interaction with extracellular ice [59] or as a result of being damaged [5].
Acker and McGann, using a cryomicroscope, have shown that membrane
damage correlated with IIF [2, 3], but could not resolve whether IIF was
the cause of, or the result of, membrane damage. The survival of cells
post-thaw and the fate of the plasma membrane appear to be two
intricately linked phenomena in cryobiology. The membrane has long been
considered the primary site of cryoinjury [53], leading to a reliance on
membrane integrity as the primary method of assessment in cryobiological
studies.

Membrane integrity assays have become a common method of
assessment for quantifying the survival of post-thawed cells. The
membrane integrity assay gives the upper limit of viability, so that in a
sample with a majority of membrane compromised cells, further more
detailed observations are unnecessary. However, membrane integrity
assessments give little insight in the functional capacity of post-thawed
cells. Different components of the cell may be susceptible to varying
degrees of damage during freezing, and subcellular injury may be

overlooked in studies that rely on membrane integrity assessments alone.

1.4.2 Subcellular alterations

Low temperature conditions have the capability to affect subcellular
structures of the cell. It has been shown that subcellular organelles [4, 45,
51, 52], as well as molecular components of the cell [7, 21, 50], are

adversely affected by low temperature conditions. McGann et al. have
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conducted studies demonstrating the extent of cryoinjury to cytoplasmic
and metabolic components of granulocytes [4, 33, 60]. Other studies have
found disconnects between membrane damage and metabolic activity in
split-thickness skin and isolated keratinocytes [61], as well as canine
kidney cells [55]. Mitochondria have been of particular interest, as this
organelle is involved in a variety of cell processes including cellular
metabolism, oxidative phosphorylation and ATP production, the citric acid
cycle, cell signaling, and apoptosis. A study in mouse kidneys cells
showed “ultrastructural” changes to slowly cooled mitochondria that
correlated with reduced respiratory function [51, 52]. Mitochondria are an
attractive target for the investigation of a secondary site of cryoinjury in

post-thawed cells.

1.4.3 Tools for investigating cryoinjury

Fluorescence microscopy is a common tool used in cellular
assessment. The diverse array of fluorescent dyes available allows for
assessment of various sites of cell damage during cryopreservation.
Fluorescent assays have combined the fluorescent microscope with
automatic counting programs in order to quantify healthy and damaged
cryopreserved cells [48]. Although the microscope is capable of revealing
detailed information of cell morphology and patterns of fluorescence it is
limited in the number of cells assessed in a single image.

Flow cytometry is gaining increasing momentum in cell biology. It

can be described as a high throughout apparatus that gives quantifiable
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values of light scatter and fluorescence properties for each individual cell
at a rate of thousands of cells per minute. The flow cytometer has
primarily been used in immunofluorescent studies and can be applied in
cryopreservation applications [1, 6, 18]. The freezing conditions in
cryobiological studies impact the ability of the flow cytometer to properly
distinguish osmotically stressed and frozen-thawed cells from debris
based on their light scatter properties [32]. The flow cytometer has the
potential to be a valuable tool in studies of cryoinjured cells but must be
properly adapted for such use. Cells are typically identified from debris in
flow cytometry based on their light scattering properties using pre-set
thresholds. However, due to the changes in light scatter properties of
cryoinjured cells [32], it is difficult to identify and assess these cells
separate from debris and extraneous particulate in the cell suspension
using conventional methods of light scatter gating. Fluorescence
properties have also been considered as a method of cell identification in
addition to light scatter [57, 58] and may present a suitable alternative to

identify healthy and damaged cryopreserved cells.

1.5 Aim of thesis

To further understand the nature of cryoinjury, it is necessary to
observe how different components of the cell respond to changes in
temperature during cooling protocols. The aim of this thesis is to probe the

occurrence of damage at different sites of cryoinjury when cells are

13



subjected to a particular cooling strategy. It will involve a comparison of
plasma membrane integrity and depolarization of mitochondria during the
freeze-thaw cycle of a cryopreservation protocol. The response of human
umbilical vein endothelial cells (HUVEC) as a function of subzero
temperature will be analyzed during interrupted cooling procedures.
Assessment will be conducted with both the fluorescence microscope and
flow cytometry for membrane integrity and mitochondrial polarization as a
function of temperature. A direct comparison of these two assays will be

used to investigate relationships between these two sites of cryoinjury.

1.6 Hypotheses

1) Using flow cytometry under cryobiological conditions, HUVEC are
more readily identified using fluorescence intensity rather than light
scatter properties of cells

2) The mitochondrial membrane potential of HUVEC in suspension
show an increased susceptibility to freezing injury when compared
to plasma membrane integrity when subjected to identical cooling

conditions using interrupted cooling protocols

1.7 Objectives, tools and approach

Current cryopreservation protocols rely primarily on membrane
integrity assays as primary methods of assessing cell survival post-thaw.

Although membrane integrity is a useful determinant of the upper limit of

14



viability in cells, it gives little insight into the functional and metabolic
capability of cells. The complex morphology and sensitivity of cells to
freezing indicates that subcellular changes may take place during
cryopreservation protocols that may not be detected by membrane
integrity assays. This thesis will use a comparative assessment of
membrane integrity and mitochondrial polarization assays to determine if
mitochondrial changes correlate with membrane responses during the

course of the freeze-thaw cycle.

The objectives of this thesis are:

1. To use a membrane integrity assay to quantify the cryobiological
response of human umbilical vein endothelial cells (HUVEC) to
rapid and slow interrupted cooling protocols using a membrane
integrity assay

In chapter 2, a membrane integrity assay is used to measure the
occurrence of cryoinjury when HUVEC are subjected to two different
interrupted cooling protocols in the absence of cryoprotectant. A rapid
cooling protocol (interrupted rapid cooling with a hold time) with variations
in hold time and temperature, and a slow cooling protocol (interrupted
slow cooling without a hold time) with variations in cooling rate, are both

used to determine cryobiological responses.
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2. To demonstrate the ineffectiveness of light scatter based gating
strategies in identifying cells in cryobiological studies and propose
an alternative strategy of using fluorescence based gates to identify
cells from background and debris

In chapter 3, flow cytometry will be used to assess control samples of cells
in suspension, including positive control cells at room temperature and
negative control cells plunged into liquid nitrogen. Conventional light
scatter gating will be used to demonstrate the inadequacies of this method
in identifying cryoinjured cells, and an alternative strategy of fluorescence
gating will be tested. Two assays: membrane integrity and mitochondrial
polarization are examined for their effectiveness in identifying post-thawed

cells.

3. To compare membrane integrity and mitochondrial polarization
cryobiological responses of HUVEC when subjected to interrupted
slow cooling

In chapter 4, an interrupted cooling protocol (interrupted slow cooling
without a hold time) is used to quantify and document HUVEC cryoinjury.
A mitochondrial polarization assay is used to assess cell survival and the
results are compared to previous assessments of membrane integrity

under the same cooling conditions.
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Chapter 2 - Characterizing HUVEC cryobiological

responses using interrupted cooling protocols

2.1 Introduction

Cryopreservation is the use of low temperatures to preserve cells
and tissues for extended periods of time. The success of cryopreservation
protocols is dependent on minimizing the stresses that are associated with
low temperature conditions. Mazur et al. proposed the two-factor
hypothesis of freezing injury, stating that there are two independent
mechanisms of freezing damage that impose stress on cells, [19],
mechanisms that are cell type specific and dependent on plasma
membrane hydraulic conductivity: the first mechanism involves cooling at
relatively slow rates that prolong exposure time to increasing
concentrations of solutes during the presence of extracellular ice [13, 19];
the second mechanism involves cooling at relatively rapid rates that do
not allow sufficient time for loss of intracellular water for cells to maintain
equilibrium with their surroundings [16, 19]; as the cells become
increasingly supercooled the probability of forming intracellular ice (IIF)
increases. The low temperature conditions that induce either of these
mechanisms have been found to be inherently lethal to cells.
Cryopreservation protocols aim to use cooling rates that are sufficiently

rapid to avoid prolonged exposure to elevated concentrations of solutes

22



and sufficiently slow to reduce the probability of IIF [12, 19]. However for
most cells, cooling rates that cause slow and rapid cooling injury tend to
overlap.

In conventional cryopreservation experiments cells are typically
assessed post-thaw, after completion of the freeze-thaw cycle and storage
in liquid nitrogen. It has been shown that cell damage primarily occurs as
cells traverse an intermediate zone of subzero temperatures (-15 to -60
°C) [18]. Conducting assessments post-thaw after storage in liquid
nitrogen does not give insight into the cryobiological response of cells
within this intermediate zone during a cooling protocol. In addition, it has
been shown that cell recovery can be improved by interrupting the cooling
process within this intermediate range of subzero temperatures [14].
There are currently two methods of interrupted cooling that are used to
explore cryoinjury by separating the damage that occurs upon cooling to
(and possibly holding at) the intermediate temperature range and the
damage that occurs after plunging to the storage temperature (liquid
nitrogen, -196 °C). These methods are interrupted slow cooling without a
hold time [20], and interrupted rapid cooling with a hold time [8].

Interrupted slow cooling without use of a hold time is more simply
referred to as “interrupted slow cooling” or “graded freezing”. In this
procedure cells are cooled at relatively slow rates to intermediate
temperatures before being either a) directly thawed, or b) plunged to the

storage temperature in liquid nitrogen (-196 °C) before subsequent
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warming. Relative slow cooling of cells allows them to remain in
equilibrium with their surroundings during the presence of extracellular ice.
The advantage of this technique is the ability to conduct separate
analyses of damage during initial slow cooling to the experimental
temperature and damage after rapid cooling to the storage temperature
(plunge into liquid nitrogen). At the time this method was established there
was particular interest in the effect of cooling rate on various cell types
[6, 9, 11]. McGann used interrupted slow cooling to examine the impact of
manipulating cooling rate on cell survival over a range of subzero
temperatures [20]. It was observed that the maximum recovery of cells
(hamster fibroblasts) was obtained when slow cooling cells to higher
subzero temperatures (-5 and -20 °C) before plunging them into liquid
nitrogen [20]. More recently Ross-Rodriguez et al. used a combination of
simulations and experiments to investigate cell responses to interrupted
slow cooling conditions using intracellular supercooling and intracellular
osmolality as indicators of cell injury [31]. It was found that directly thawed
TF-1 hematopoietic stem cells were damaged by solution effects alone,
whereas plunged cells were observed to be damaged by IIF when rapidly
cooled from high subzero temperatures (-3 to -6 °C) and by a combination
of both solution effects and IIF when plunged from lower intermediate
temperatures [31].

The second method of interrupted cooling is interrupted rapid

cooling with a hold time, also referred to as “two-step freezing”. The
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two-step technique involves an initial rapid uncontrolled cooling to a hold
temperature, where the cells are held for a pre-designated time before
being either a) directly thawed or b) plunged to the storage temperature
(-196 °C) before subsequent warming. Interrupted rapid cooling has been
described in earlier studies that involved a pre-freezing or stepwise
cooling from intermediate temperatures prior to exposure to the storage
temperature [5, 14, 35]. Farrant et al. showed that there are two stages of
the cell response during two-step cooling: the initial occurrence of damage
when cells are first subjected to the hold temperature and an incurred
protection from further damage when cells are held at the intermediate
hold temperature prior to plunging to the storage temperature [8]. This
protection has been correlated with cell shrinkage during the hold time at
the experimental temperature [10], and this decrease in cell volume is
attributed to the osmotic removal of intracellular water that decreases the
probability of IIF during the subsequent plunge [24]. The versatility of the
two-step freezing method has been demonstrated in other studies
exploring the effects of prolonged hold times [21], slower warming rates
[22] and the differing actions of penetrating and non-penetrating
cryoprotectantants [24]. Recent work used simulations and practical
experiments to investigate cryobiological responses of TF-1 hematopoietic
stem cells to two-step cooling in the absence of cryoprotectant [29]. It was
found that two-step freezing of cells without cryoprotectant gave a similar

result for cell survival to traditional preservation methods with dimethyl
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sulfoxide (Me,S0O) [29]. Although two-step cooling was shown to be
beneficial, cooling at more rapid than optimal rates led to a decrease in
cell survival when plunging into liquid nitrogen from higher subzero
temperatures (-3 to -6 °C), and this decrease in survival was found to be
linked to IIF [30]

TF-1 hematopoietic stem cells also showed a high incidence of cell
survival after interrupted rapid cooling protocols (two-step freezing) in
comparison with slower ones (graded freezing) [29]. The objective of the
present work was to determine if this trend of cooling strategy and cell
survival hold true for a different cell type. To determine this, the
cryobiological responses of human umbilical vein endothelial cells
(HUVEC) in suspension to both rapid and slow interrupted cooling
protocols in the absence of cryoprotectant were investigated. For rapid
interrupted cooling, the HUVEC response was assessed for a range of
decreasing subzero temperatures (-3 to -40 °C) and various hold times (3,
5, and 10 minutes). For interrupted slow cooling the HUVEC response
was assessed over the same range of temperatures (-3 to -40 °C) at
various cooling rates (0.1, 0.2, and 1.0 °C/min).

The HUVEC response was measured with a membrane integrity
assay. Membrane integrity has become a standard method of assessment
for indicating cell viability in cryobiology. This is attributed to the current
notion that the plasma membrane is the primary site of cell damage during

freeze-thaw stress [17, 34]. Though there are limitations to membrane
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integrity assays, such as not revealing any functional or subcellular
indications of damage during freeze-thaw stress, they do provide an upper
limit of cellular viability when assessing the cryobiological responses of

cells.

2.2 Materials and methods

2.2.1 Cell cultures

Human umbilical vein endothelial cells ((Lot# 0000120825)
HUVEC; Lonza®, Walkersville, MD, USA) were cultured at 37 °C and 5 %
CO; in endothelial basal media (EBM-2) supplemented with a bullet kit
(LONZA®) containing human fibroblast growth factor B, hydrocortisone,
vascular endothelial growth factor, ascorbic acid, heparin, human
endothelial growth factor, and fetal bovine serum. For continued passage
of healthy cells, cultures were incubated to approximately 70-80 %
confluency according to LONZA guidelines. For experiments requiring
higher numbers of cells, cultures were left incubated until a higher
confluency was observed (approximately 80-90 %). These cultures were
continually monitored to ensure healthy cells with normal morphology
(figure 2-1). Cells were harvested by exposure to trypsin-EDTA (Lonza®)
for 2 minutes at 37 °C. Cell suspensions were centrifuged at 201 g for 5
min in an Eppendorf 5810R tabletop centrifuge, and resuspended in
endothelial growth media at a concentration of 1.0x10° cells/mL. Cells

from multiple passages were used for each 1 mL aliquot contained in a
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12x75 mm round bottom plastic tube (VWR, Edmonton Canada) for

experimentation.

2.2.2 Interrupted cooling protocols

Interrupted slow cooling without hold time (graded freezing procedure)
The interrupted slow cooling procedure [20] was conducted as
described in Ross-Rodriguez et al. [29]. A schematic representation of the
interrupted slow cooling procedure is depicted in figure 2-2. Aliquots
(0.2mL) of HUVEC cell suspension in endothelial growth media were
transferred to 6x50 mm glass culture tubes (VWR, Edmonton, AB,
Canada) and allowed to equilibrate at room temperature for 5 minutes.
Positive controls were assessed at room temperature. Negative controls
were plunged from room temperature directly into liquid nitrogen and
assessed post-thaw. Experimental samples were transferred to a stirring
methanol bath preset at -3 °C and allowed to equilibrate for 2 minutes
before ice was nucleated with cold forceps. Immediately post-nucleation
the samples were then cooled, setting the methanol bath to 1.0 °C/min
where the temperature was monitored using a T-type thermocouple and
Personal Daq View software. At each experimental temperature (-3, -6, -9,
-12, -15, -20, -30 and -40 °C) one sample was directly thawed in a 37 °C
water bath (warming rate: 121 + 14 °C/min) while the other was plunged
into liquid nitrogen (cooling rate: 574 £ 104 °C/min). The rate of cooling
(e.q., plunging cells to -196 °C (liquid nitrogen) from -12 °C) and the rate
of warming (e.g., placing cells in a 37 °C from -12 °C) were calculated by
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dividing the change in temperature (AT in °C) over the time taken to reach
that temperature (At in minutes).The plunged samples were kept in liquid
nitrogen for a minimum of 1 hour before being thawed in a 37 °C water
bath (warming rate: 616 £ 16 °C/min). Additional experiments were
conducted using cooling rates of 0.1 and 0.2 °C/min. Duplicates of each
sample were used for each experiment and were repeated at least in

triplicate using cells from different passages.

Two-step freezing procedure (interrupted rapid cooling with a hold time)
The interrupted rapid cooling procedure [8] was conducted as
described in Ross-Rodriguez et al. [29]. A schematic representation is
depicted in figure 2-3. Aliquots (0.2mL) of HUVEC cell suspension in
endothelial growth media were transferred to 6x50 mm glass culture tubes
(VWR, Edmonton, AB, Canada) and allowed to equilibrate at room
temperature for 5 minutes. Positive controls were left at room temperature.
Negative controls were plunged from room temperature directly into liquid
nitrogen. The experimental samples were transferred individually into a
stirred methanol bath (FTS Systems inc., Stone Ridge NY, USA) that was
preset to -3, -6, -9, -12, -15, -20, -30, or -40 °C and equilibrated at that
temperature for 2 minutes before ice was nucleated with cold forceps.
After nucleation the samples were held at the experimental temperature
for 3 minutes before either being thawed in a 37 °C water bath (VWR,
Edmonton, AB, Canada) (warming rate: 122 + 14 °C/min) or plunged into

liquid nitrogen (cooling rate: 574 £ 104 °C/min). The plunged samples
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were kept in liquid nitrogen for a minimum of 1 hour before being thawed
in a 37 °C water bath (warming rate: 616 + 16 °C/min). Additional
experiments were conducted at these same temperatures for hold times of
5 and 10 minutes.

Additional samples were cooled to experimental hold temperatures
of -9, and -12 °C, nucleated with cold forceps and held for 1, 2, 3, 4, 5,
7.5, 10, and 15 minutes. The samples were monitored using a type T
thermocouple acquiring the data with Personal Daq View software
(version 1.9; Omega Laval, QC, Canada). Samples below -15 °C were
prone to spontaneous nucleation prior to reaching the hold temperature;
time zero was determined to be at completion of the 2 minute equilibration
period. For warming, samples were held in the 37 °C water bath until no
ice was present. Duplicates of each sample were used for each
experiment and were repeated at least in triplicate using cells from

different passages.

2.2.3 Assessment of cell recovery

Membrane integrity

A dual fluorescent assay (SytoEB) using a combination of two
fluorescent dyes, Syto13® (Molecular Probes, Eugene, OR, USA) and
ethidium bromide (EB) (Sigma-Aldrich, Mississauga, ON, Canada) was
used to assess the membrane integrity. The SytoEB assay was prepared
using 1x phosphate buffered saline (PBS) and aliquots of Syto and EB

diluted from stock solutions. The final dye solution was comprised of 25
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MM of EB and 12.5 uM of Syto13®, and 20 pL were added to a 200 L
aliquot of HUVEC in suspension, mixed and incubated for 2 minutes at
room temperature. Images of fluorescent cells were captured using a
Pixera viewfinder digital camera (Pixera Corporation, Los Gatos, CA,
USA) fitted onto a Leitz Dialux 22 fluorescence (440—-480 nm) microscope
(Leitz, Germany).

Fluorescent cells were observed with a Leitz Dialux 22
fluorescence (440-480 nm) microscope (Leitz, Germany) with a dual band
red/green filter set to detect emission of Syto13 (509 nm) and ethidium
bromide (600 nm) and images were captured using a fitted Pixera
viewfinder digital camera (Pixera Corporation, Los Gatos, CA, USA). An
in-house custom counting program, Viability 3.2 (Locksley McGann,
Edmonton AB, Canada) was used to assess cell membrane integrity from
captured digital images. For each experimental sample the relative cell
recovery was calculated by dividing the number of intact (green) cells by
the total number of cells present including both compromised (red) and

intact (green) cells.

2.2.4 Statistical Analysis

Statistical analysis comparisons were conducted using a one-way
analysis of variance (ANOVA) (P = 0.05 level of significance). This
analysis was used to evaluate statistical differences in membrane integrity
between intermediate temperatures and the highest subzero temperature

(-3 °C). A one-way ANOVA was also used to evaluate statistical
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differences between the values for membrane integrity of directly-thawed
and plunge-thawed samples (P = 0.05 level of significance). The mean
values and standard error of the mean was also calculated and included in

the result (mean £ sem).

2.3 Results and discussion

Figure 2-4 shows a fluorescent microscope image illustrating the
SytoEB membrane integrity assay. The combination of these two dyes
makes a binary assay that identifies membrane intact cells with green
fluorescence and membrane compromised cells with red fluorescence
(figure 2-4). When assessed, positive control samples at room
temperature (figure 2-4A) show a majority of membrane intact cells; a
HUVEC sample directly thawed from -9 °C during interrupted rapid cooling
shows a mixed population of membrane intact and membrane
compromised cells (figure 2-4B) and negative control samples plunged
into liquid nitrogen (figure 2-4C) show primarily membrane compromised

cells.

2.3.1 Investigating the impact of cooling rate on the HUVEC response

to interrupted slow cooling

The cryobiological response of cells during cryopreservation varies
based on the type of cooling strategy they are subjected to. One of the
characteristics of cells that may affect their response is hydraulic

conductivity, a measured value of the cells’ water permeability. A
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difference in the water permeability of two cell types may influence their
cryobiological response. Measurements of TF-1 hematopoietic stem cells
showed that these cells have a higher value of hydraulic conductivity in
comparison with HUVEC over a range of temperatures [28, 29] (figures
2-5 and 2-6).

The membrane integrity of HUVEC during interrupted slow cooling
is shown in figure 2-7 as a function of temperature at different cooling
rates. Data were normalized to positive control samples (HUVEC at room
temperature; 86.7 + 2.1 %), and summarized in table 2-1. For directly
thawed cells, a similar pattern of membrane integrity was observed at all
cooling rates (0.1, 0.2, and 1.0 °C/min). High values (90-100 %) of
normalized membrane integrity was observed at higher subzero
temperatures (-3 to -12 °C), and membrane integrity significantly
decreased with exposure to lower intermediate temperatures
(-20 to -40 °C) (P < 0.05). Plunge-thaw samples also show a similar
pattern of membrane integrity at all cooling rates (0.1, 0.2, and 1.0
°C/min), but unlike directly thawed cells, plunged cells from higher
experimental temperatures initially increase in membrane integrity with
temperature (-3 to -15 °C) and then remain unchanged with further
decreasing temperatures (-20 to -40 °C). At a cooling rate of 0.1 °C/min
cells, a significant increase in membrane intact cells was observed from

-15 to -30 °C (P > 0.05).
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It is generally recognized that slower cooling rates are associated
with a reduction in cell volume as well as prolonged exposure to
hypertonic conditions during cooling [19]. These hypertonic conditions
have been found to cause solution effects injury and result in lowered
integrity of the plasma membrane. Cell damage due to solution effects
explains the decrease in membrane integrity with temperature that was
observed in slowly cooled directly thawed cells. In contrast to directly
thawed samples, plunge-thawed cells from high subzero temperatures did
experience membrane damage, as they were subjected to much more
rapid cooling upon plunging into liquid nitrogen. It has been shown that
rapid cooling rates are associated with IIF, and that the occurrence of IIF
correlates with cell lethality [7, 16, 26]. IIF is the most likely explanation for
the prominent decrease in membrane integrity of plunged cells from high
subzero temperatures (-3 to -12 °C), whereas there was a lesser degree
of membrane damage when cells were plunged from lower subzero
temperatures (-15 to -40 °C).

In both directly thawed and plunge-thawed cells, a dependence of
membrane integrity on cooling rate was observed during interrupted slow
cooling (figure 2-7). The membrane integrity of cells thawed from higher
subzero temperatures (-3 to -15 °C) was not strongly dependent on
cooling rate (P > 0.05); however the membrane integrity of cells thawed
from lower subzero temperatures (-20 to -40 °C) did show a dependence

on cooling rate (P < 0.05). Slowly cooled HUVEC plunged into liquid
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nitrogen from experimental temperatures showed a more pronounced
dependence on cooling rate than directly thawed cells. It was observed
that plunged samples cooled at a rate of 1.0 °C/min showed additional
damage when plunged into liquid nitrogen from -30 °C; compared to cells
cooled at a relatively slower rate (0.1 °C/min) that showed no additional
damage between directly thawed and plunge-thaw samples. At -30 °C
cells cooled slowly (0.1 °C/min) had more time to equilibrate to these
conditions (270 minutes) than the time provided (27 minutes) when cooled
at a higher rate (1.0 °C/min) (figure 2-7). As the temperature lowers, water
is removed from the extracellular solution in the form of ice, increasing the
concentration of solutes in the remaining unfrozen fraction. At slow cooling
rates cells had sufficient time for water to efflux from the cell, allowing
these cells to remain closer to osmotic equilibrium [16].

Slower cooling rates generally resulted in higher values of
membrane integrity for HUVEC plunged into liquid nitrogen from
decreasing subzero temperatures (figure 2-7). The membrane integrity of
directly thawed cells was found to progressively decrease with
temperature, in contrast to plunged cells where membrane integrity was
observed to increase with exposure to progressively lower experimental
temperatures. The increased membrane integrity that was observed
during slow cooling (0.1 °C/min), as compared with 1.0 °C/min suggests
HUVEC show some resistance to solution effects injury with respect to

membrane integrity. The considerable decreased membrane integrity that
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was observed when these cells were rapidly cooled by plunging into liquid
nitrogen from high subzero temperatures suggests that they may be

susceptible to IIF.

2.3.2 A detailed investigation of HUVEC responses to changes in

hold time at -9 °C and -12 °C for interrupted rapid cooling

Figure 2-8 shows the membrane integrity of HUVEC during rapid
cooling as a function of hold time (1-15 minutes) at hold temperatures of
-9 and -12 °C. The data for experimental samples were normalized to
positive controls (HUVEC room temperature controls; 86.3 = 2.2 % and
88.4 £ 1.5 % for -9 and -12 °C).

Directly thawed cells from both hold temperatures (-9 and -12 °C)
showed a decrease in membrane integrity with increasing hold time. At
-9 °C, a decrease in membrane integrity was observed for longer hold
times of 7.5 and 15 minutes (P < 0.05), whereas at -12 °C membrane
integrity decreased for all hold times longer than 2 minutes (P < 0.05). The
steepest decline in membrane integrity was observed at the shortest hold
times from 1 to 2 minutes, where membrane integrity decreased
approximately 14 and 20 % at -9 and -12 °C respectively. The correlation
between decreased membrane integrity and increased hold time suggests
that these cells were being damaged by solution effects. However, when
these cells were slow cooled to -12 °C (90 minutes) the resultant
normalized membrane integrity was approximately 90 % (figure 2-7)

compared to the less than 50 % (normalized) membrane intact cells that
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were observed during rapid cooling (time 2 minutes) (figure 2-8). The
prolonged exposure to increased solute concentrations during slow
cooling (figure 2-7) showed that these cells were able to withstand
conditions that are associated with solution effects injury. The observed
decrease in membrane integrity under rapid cooling conditions (figure 2-8)
was more likely attributed to IIF upon cooling to the hold temperature after
ice nucleation.

Membrane damage was more pronounced in cells plunged into
liquid nitrogen compared to cells directly thawed from both hold
temperatures (-9 and -12 °C) (figure 2-8). Plunge-thawed samples showed
low recovery of membrane intact cells, with a slight increase (to a
maximum of 11.8 + 0.7 %) with shorter hold times (from 1-5 minutes), this
was followed by a plateau of membrane integrity with longer hold times (5
to 15 minutes) when held -12 °C (P < 0.05) prior to plunging. The slight
increase in membrane integrity with shorter hold times showed that
lengthening the hold time (from 1-5 minutes) allowed cells to lose
intracellular water and decreased the probability of IIF during the plunge,
whereas longer hold times (from 5 to 15 minutes) did not allow these cells
any further loss of intracellular water and the probability of IIF remained
the same. Though it has been documented that the occurrence of
intracellular ice correlates with membrane damage for cells in suspension
[1, 2, 36] it is uncertain as to whether this damage is the cause of, or the

result of, IIF. Acker and McGann were able to link membrane damage to
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IIF but could not establish a time course to separate the occurrence of
membrane rupture from IIF [2, 3]. Regardless of the mechanism,
intracellular ice is most likely occurring as HUVEC are plunged into liquid
nitrogen from -9 and -12 °C resulting in a low number of membrane intact
cells.

A more distinct decrease in membrane integrity with hold time was
observed in directly thawed cells from lower hold temperatures (-12 °C
compared to -9 °C), whereas plunged samples showed no differences in
membrane integrity between these hold temperatures. A possible
explanation for this occurrence is the existence of a subset of freeze
resistant cells that may, for example, be attributed to cell volume as
smaller cells contained less intracellular water and were less likely to
undergo IIF [16, 25]. Another explanation may be the cells’ present phase
of the growth cycle, which may influence cell survival when subjected to
decreasing temperatures, as McGann showed that fibroblasts in the M
phase were more susceptible to freezing damage compared to other
phases of the cell cycle [23].

Rapidly cooling HUVECSs to -12 °C and subjecting them to an
increasing hold time showed a significant increase in membrane integrity
with longer hold times (3 - 15 minutes, Figure 2-8) (P < 0.05). These
results reinforce our conclusions from interrupted slow cooling (figure 2-7),

that HUVEC show a resiliency to damage when exposed to hypertonic
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conditions that result in solution effects injury, and a susceptibility to

damage from rapid cooling and IIF.

2.3.3 Investigating the HUVEC response to decreasing hold

temperatures during interrupted rapid cooling

Figure 2-9 shows the experimental results for HUVEC cooled
rapidly to an experimental subzero temperature, held for 3, 5 or 10
minutes, before being directly thawed or plunged into liquid nitrogen and
subsequently thawed. Experimental results were normalized to HUVEC
positive controls (86.3 £ 2.2 %); a summary of the data is present in table
2-2.

Directly thawed samples of HUVEC showed a trend of decreasing
membrane integrity with decreasing experimental temperatures, where a
significant decrease in membrane integrity was observed at -9 °C and
below (P < 0.05), including a particularly sharp decrease from -6 to -15 °C
for all hold times (figure 2-9) followed by a gradual decline at -15 °C (19.7
+ 2.8 %) that continued at lower temperatures until there were no
membrane intact cells left at a hold temperature of -40 °C. Increasing the
hold time to 5 and 10 minutes showed no further change, indicating that
damage most likely occurred during the initial equilibration period, from ice
nucleation prior to the start of, or early in, the hold time (figure 2-3: i). At
hold temperatures below -15 °C samples were prone to spontaneous ice

nucleation prior to completion of the 2 min equilibration period, where this
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event may have contributed to a loss of HUVEC membrane integrity prior
to the hold time.

A comparison of HUVEC membrane integrity from rapid cooling
protocols to that of slow cooling protocols showed that a greater number
directly thawed cells were damaged during rapid cooling: as cooling to
hold temperatures of -15 °C and below resulted in more than 80 %
membrane damaged cells (figure 2-9), whereas no more than 50 % of
cells were damaged when slow cooled (0.1 °C/min) to the same
temperature (figure 2-7). The high rate of cooling associated with rapid
cooling methods leads to the cytoplasm becoming increasingly
supercooled and increases the probability of IIF [15].

Aliquots of HUVEC (0.2 mL) plunged into liquid nitrogen showed a
slight increase in membrane integrity with decreasing hold temperature (-3
to -12 °C), and the membrane integrity then decreased with further
decreasing temperatures (-15 to -40 °C) (figure 2-9). This indicated that
some protection was conferred to these cells by being held for 3 minutes
at high subzero temperatures (-3 to -12 °C) before plunging into liquid
nitrogen. Further increasing the hold time to 10 minutes slightly but
significantly increased the number of membrane intact cells to a maximum
at-12 °C (15 £ 1.2 %) (P < 0.05). Plunging HUVEC from room
temperature directly into liquid nitrogen resulted in no membrane intact

cells (figure 2-4: C) and showed that the absence of a holding period at an
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intermediate subzero temperature results in complete loss of HUVEC
membrane integrity upon plunging.

At hold temperatures lower than -20 °C there was little to no
difference in the membrane integrity of directly thawed and plunge-thawed
cells, as no additional damage was observed when these cells were
plunged into liquid nitrogen from experimental hold temperatures (-15 to
-40 °C). This suggests that the majority of cells at hold temperatures
below -15 °C already have frozen intracellular water and that no additional
intracellular freezing occurred upon plunging. The inability of these cells to
efflux water may be explained by the hydraulic conductivity, since this
measured value of water permeability for HUVEC has been found to be
relatively low [28]. This low value of hydraulic conductivity may partly
explain the susceptibility of HUVEC to IIF when subjected to rapid cooling
procedures.

In this study, HUVEC sustained less injury when cells were cooled
with slow cooling protocols (graded freezing) compared to more rapid
cooling protocols (two-step freezing), showing similar results to other
interrupted cooling studies involving rapid [24] and slowly [20] cooled
fibroblasts. However, results for both of these cell types are in contrast to
results of cooling TF-1 hematopoietic stem cells that sustained less injury
during two-step freezing [30] compared to slower cooling methods [31].
Our data indicated that HUVEC show a resistance to solution effects injury

during slow cooling conditions but may be susceptible to IIF during rapid
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cooling, as the highest survival of HUVEC was achieved at the slowest
cooling rate used (0.1 °C/min). The low hydraulic conductivity of HUVEC
[28] may explain why membrane integrity is higher at slower cooling rates,
in contrast to TF-1 hematopoietic stem cells that have a higher value for
hydraulic conductivity [28] (figures 1 and 2) and benefit from more rapid

cooling methods such as two-step freezing.

2.4 Conclusions

This study investigated the HUVEC cryobiological response to two
different interrupted cooling protocols. Interrupted slow cooling keeps the
cells in equilibrium with their surroundings as the temperature decreases
in the presence of extracellular ice and solutes become increasingly
concentrated. The long exposure to concentrated solutes during slow
cooling may be damaging to cells in the form of solution effects.
Interrupted rapid or two-step cooling has been found to confer a protection
to cells when they are held at a designated experimental hold temperature
for a period of time prior to plunging into liquid nitrogen. However, these
high rates of cooling also leave cells susceptible to IIF, an inherently lethal
event. For HUVEC, slower cooling methods (graded freezing) were shown
to improve cell survival, in contrast to rapid cooling protocols (two-step
freezing) that showed drastic decreases in membrane integrity. These
results indicated that HUVEC had an observed resistance to solution

effects injury under slow cooling conditions, but may be susceptible to IIF.
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In cryopreservation of cells in suspension the cooling strategy used
in the cryopreservation protocol must be catered to the appropriate cell
type. TF-1 hematopoietic stem cells sustained less injury when subjected
to rapid cooling protocols [29] compared with slow cooling protocols [31],
unlike the observed cell survival of HUVEC that benefitted from slower
cooling rates. The characteristics of individual cell types such as the
hydraulic conductivity (figures 2-5 and 2-6) influence their response to
various cooling strategies.

This study used membrane integrity as the primary method of
assessment of HUVEC under cryobiological conditions and is the
traditional assay of choice for cryobiologists. However, freezing has been
shown to affect other components of cells [4, 27, 32, 33] in addition to the
plasma membrane. The assessment results in this chapter using
membrane integrity can now be used as a basis for comparison to
additional assays that examine other aspects of cells that may be affected

by cryobiological conditions.
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Figure 2-1. Representative light microscopy photograph depicting

appearance of adhered HUVEC culture prior to trypsinization for

experimentation.

44



304

204

104

Temperature (°C)

-196 +

T Nucleation

Plunge-Thaw

Hold (1hr) /
H )

Plunge

¥ } 'l } 'l 'l
0 25 81114 19 29 39

Time (min)

Figure 2-2. Schematic of interrupted slow cooling at a rate of 1.0 °C/min.

Pre-cooling of samples to -3 °C from room temperature and
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Figure 2-4. Fluorescent microscope images of HUVEC stained with

SytoEB

A. Room temperature control sample
B. Directly-thawed cells from -9 °C during interrupted rapid cooling

C. Sample plunged into liquid nitrogen
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Figure 2-5. Plot of hydraulic conductivity (Lp) as a function of temperature

ELP
RT

for HUVEC and TF-1 cells. Extrapolated using equation: Lp = k exp(—%)
and parameters from Ross-Rodriguez et al. [28, 29] for:

TF-1 cells (k = 1.33x10*° pm/min/atm and Eép =14.2 + 1.1 kcal/mol) and

HUVEC (k = 1.59 x10° um/min/atm and E-? = 13.4 + 0.3 kcal/mol)
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Figure 2-6. Arrhenius plot of natural logarithm of Lp (um/min/atm) for

HUVEC and TF-1 cells as a function of inverse temperature (K™).

Lp
Extrapolated using equation: InLp = Ink (— %) and parameters from
Ross-Rodriguez et al. [28, 29] for:
TF-1 cells (k = 1.33x10*° pm/min/atm and Eép =14.2 + 1.1 kcal/mol) and

HUVEC (k = 1.59 x10° um/min/atm and E-? = 13.4 + 0.3 kcal/mol)
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Figure 2-7. Response of HUVEC to interrupted slow cooling at different

cooling rates. Membrane integrity of HUVEC (mean + sem; normalized to
control; n = 3) cooled at rates of 0.1, 0.2, and 1.0 °C/min to various
subzero temperatures, then either thawed directly (dashed) or plunged

into liquid nitrogen (solid) and subsequently thawed.

50



Table 2-1. Membrane integrity response of HUVEC to interrupted slow

cooling at different cooling rates (mean = sem; n=3).

Normalized Membrane Integrity (%)

Cooled at 1.0 Cooled at 0.2 Cooled at 0.1
°C/min °C/min °C/min

Temp | Direct- | Plunge- | Direct- | Plunge- | Direct- | Plunge-

(°C) thaw thaw thaw thaw thaw thaw

-3 99.6 1.3 91.3 4.3 102.8 8.9
+2.8 +0.1° +5.9 +16° +2.0 +6.1°

-6 97.2 3.5 96.6 9.6 103.0 12.0
+4.8 +0.7° +2.2 +4.1° +0.9 +7.4°

-9 99.1 4.3 98.5 14.2 99.1 21.2
+2.6 +0.6° +15 +6.8° +1.3 +11.6°

-12 98.2 11.2 91.4 19.7 92.9 23.2
+2.1 +4.1° +25 +8.8° +3.2 +8.7°

-15 92.2 26.9 75.2 34.8 81.9 47.5
+2.6 +4.1° +2.2 +46° +1.3 +13.4%¢

-20 70.7 24.9 56.6 40.4 67.8 48.1
+ 6.2* +51°¢ +6.7* +4.6 + 6.6* +12.8*

-30 51.4 22.8 42.3 28.6 51.2 46.3
+ 6.4* +1.7 + 6.2* +2.5 +12.7* +9.1*

-40 33.4 14.2 28.3 21.3 48.4 324

+10.3* + 3.3 + 4.3* +1.9 +12.8* + 8.8

* Signifies statistically significant difference in membrane integrity at the

measured temperature from the initial temperature (-3 °C) of the same

curve (P < 0.05)

¢ Signifies statistically significant difference in membrane integrity of

plunge-thaw samples from respective direct-thaw sample (P < 0.05)
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Figure 2-8. Response of HUVEC to interrupted rapid cooling as a function

of hold time for two different hold temperatures. Membrane integrity of

HUVEC (mean £ sem; normalized to controls; n = 6) as a function of hold
time for cells cooled rapidly to -9, and -12 °C before either being directly
thawed from the experimental temperature (dashed) or plunged into liquid
nitrogen before subsequent thaw (solid).

* Signifies statistically significant difference in membrane integrity at the
measured hold time from the initial hold time (1 min) of the same curve

(P <0.05)

¢ Signifies statistically significant difference in membrane integrity of

-12 °C samples from respective -9 °C samples under the same conditions

(P <0.05)
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Figure 2-9. Response of HUVEC to interrupted rapid cooling as a function

of hold temperature for different hold times. Membrane integrity of HUVEC

(mean = sem; normalized to controls; n = 6) as a function of hold

temperature for cells with hold times of 3, 5, and 10 minutes before either

being directly thawed from the experimental temperature or plunged into

liquid nitrogen before subsequent thaw.

Spontaneous ice nucleation occurred during the equilibration period at

hold temperatures of -15 °C and below.
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Table 2-2. Membrane integrity response of HUVEC to interrupted rapid

cooling as a function of hold temperature for different hold times.

(mean £ sem; n=3).

Normalized membrane integrity (%)

Holding time Holding time Holding time
3 minutes 5 minutes 10 minutes
Temp | Direct- | Plunge- | Direct- | Plunge- | Direct- | Plunge-
(°C) thaw thaw thaw thaw thaw thaw
-3 91.6 3.4 104.5 2.9 106.2 6.2
+2.9 +2.4° +0.5 +1.7 +1.6 +1.1°
-6 88.3 6.1 101.9 3.7 102.0 8.1
+3.8 +1.6° +2.3 +0.8° +1.6 +0.8°
-9 65.7 11.4 71.7 6.6 75.4 134
+ 8.8* + 3.1* +2.2* +1.4° + 3.2* +1.4%°
-12 37.2 9.8 40.4 6.3 35.2 15
+ 4.4* +1.3° +1.1* +0.6° + 3.4* +1.2%¢
-15 19.8 7.9 16.9 7.1 17.6 8.9
+2.8* +2.1 +3.2% | +£1.9* +2.7* +27°
- 20 12.0 5.1 4.8 2.4 13.2 3.4
+2.3* +1.5 +0.3* +0.6 + 3.5* +1.0°
- 30 4.6 2.1 0.6 0.2 0.6 1.7
+1.9* +1.6 +0.2* +0.1 +0.2* +1.6
-40 1.2 0.6 0.1 0.1 0.2 0.0
+1.0* +0.5 +0.1* +0.0 +0.1* +0.0*¢

* Signifies statistically significant difference in membrane integrity at the

measured temperature from the initial temperature (-3 °C) of the same

group (P < 0.05)

¢ Signifies statistically significant difference in membrane integrity of

plunge-thaw samples from respective direct-thaw sample (P < 0.05)
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Chapter 3 - Fluorescence as an alternative to light
scatter gating strategies to identify frozen-thawed

cells with flow cytometry

3.1 Introduction

Flow cytometry has been shown to be a valuable tool for assessing
viability of individual cells in suspension. The principle of flow cytometry is
to gather light scattered by individual cells in a laser beam, and to use the
light scatter properties from cells to distinguish cell populations. In
addition, specific wavelengths are analyzed to probe fluorescent emission
from surface markers on cells [10] after specific labeling. Different
characteristics of cells can influence the pattern of detected scattered light
at forward and side angles. Forward light scatter has widely been used as
an indicator of cell size as it has been shown that under specific conditions
forward light scatter changes in relation to cell volume [13, 24, 25, 41],
whereas side scattered light is influenced by nuclear morphology and
cytoplasmic granulation reflecting the complexity of the internal structure
of cells [5, 26]. In analysis of flow cytometry data the combination of
forward and side scatter has been used to identify specific cell types and
subpopulations [26, 37, 46].

Common practice in flow cytometry is to identify and separate cells
from background and debris using a trigger, also referred to as the

discriminator, that is traditionally based on a forward scatter threshold [6,
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18, 27]. This method of identification is based on the assumption that
forward scattered light directly correlates with cell or particle volume.
However, a study of cell osmotic stress in hamster fibroblasts,
granulocytes, and lymphocytes showed that forward light scatter was
inversely proportional to cell volume in anisotonic solutions [21],
contradicting previous theoretical predictions [14]. The complexity of the
cell and its properties suggests that size is not the only factor that affects
forward scattered light [11]. There are additional factors that may also
affect the forward light scatter properties of cells such as the wavelength
used to generate light scatter signals [16, 28], the angle of detection of
scattered signals [17, 36], differences in the refractive index [38, 39], as
well as the properties of the plasma membrane and the presence of
internal cell structures [23].

Light scatter is not the only option when utilizing a trigger for
distinguishing cells; there have also been applications of fluorescence as
a method of cell identification in flow cytometry. The fluorescence of
nucleic stains and monoclonal antibodies has been combined with light
scatter to identify damaged and intact cells in fixed flow cytometric
samples [48], and also as a variable to separate components of
heterogeneous whole blood [47]. A study by Loken et al. showed that in a
light scatter distribution, the position of a peak of two attached cells was
not double that of the peak for single cells, and this non additive property

was an indication that light scatter was not directly proportional to cell
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volume [15]. However, in this same study, a fluorescence profile of these
same cells showed cell doublets emitting twice the fluorescent intensity of
single cells [15]. A more recent study by Lu et al. showed that light scatter
measurements gave inaccurate counts when determining cells from other
particles in sperm cell concentrates; further analysis by Petrunkina and
Harrison provided a mathematical basis for these misestimations [19, 31].
Although light scatter is an important parameter in flow cytometry, there
are situations where fluorescence may be a more reliable indicator to
identify cells. The concept of using fluorescence as a threshold has been
used for sorting minor subpopulations of cells [20] and for detection of rare
events [33] in flow cytometry, but it can also be applied to studies of cell
responses to low temperatures.

There is increasing interest in using flow cytometry as a quantitative
method of cellular assessment in cryobiological studies [1, 3, 9].
Cryobiology is the study of biological responses to low temperatures and
cryopreservation provides a means of preserving viability and function of
cells and tissues for long periods. The term viability has been defined as
“the ability of a treated sample to exhibit a specific function, or functions
expressed as a proportion of the same function exhibited by the same
sample before treatment” [30]. Assessment of cellular viability is used in
cryobiology to measure the quality of individual samples, and optimize

protocols to improve cryopreservation outcomes [4].
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The plasma membrane is considered a primary site of cryoinjury,
so in cryobiology membrane integrity assessment is one of the most
common methods for determining viability. Membrane integrity assays are
simple, rapid assessments of plasma membrane integrity measured using
dye exclusion methods, or combinations of fluorescence [2, 7, 21, 44].
Cryopreservation studies have also used membrane integrity assays in
conjunction with other, more detailed assessments of cellular function to
outline understanding of the cellular response, including changes in
metabolic function [4, 29], DNA fragmentation [8], and mitochondrial
polarization [45].

However, cryobiological conditions induce significant alterations in
cellular light scattering properties. A study by McGann et al. exposing
cells to cryobiological conditions showed that cooling to low temperatures
resulted in low membrane integrity and decreased forward light scatter
properties of cells, accompanied by only a slight reduction in cell volume
[21]. These observations disagreed with the assumption that the forward
light scatter properties of cells are proportional to cell volume as
previously predicted [14], and it was suggested that other components of
the cell surface and the cytoplasm may also contribute to the cell light
scatter properties [21].

The objective of the present study was to demonstrate that gating
strategies based on forward light scattering may introduce inaccuracies in

experiments that require the identification of total cell populations,
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including not only live, but also dead and damaged cells. In addition, this
study will also investigate the use of fluorescence based gating as an
alternative strategy of identifying these cells. The complicating factors that
are involved in a cryobiological study present a situation where using light
scatter as a trigger may be ineffective and fluorescence could alternatively

be used to discriminate and assess cells in suspension.

3.2 Materials and methods

3.2.1 Cell cultures

Human umbilical vein endothelial cells ((Lot#0000120825) HUVEC,;
Lonza®, Walkersville, MD, USA) were cultured at 37 °C and 5 % CO, in
endothelial basal media (EBM-2) supplemented with a bullet kit (Lonza®)
containing human fibroblast growth factor B, hydrocortisone, vascular
endothelial growth factor, ascorbic acid, heparin, human endothelial
growth factor, and fetal bovine serum. For continued passage of healthy
cells, cultures were incubated to approximately 70-80 % confluency
according to LONZA guidelines. For experiments requiring higher
numbers of cells, cultures were left incubated until a higher confluency
was observed (approximately 80-90 %) and then harvested by exposure
to trypsin-EDTA (Lonza®) for 2 minutes at 37 °C. Cell suspensions were
centrifuged at 201 g for 5 minutes in an Eppendorf 5810R tabletop
centrifuge, and resuspended in endothelial growth media at a

concentration of 1.0x10° cells/mL. Cells from multiple passages were used
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for each 1 mL aliquot contained in a 12x75 mm round bottom plastic tube

(VWR, Edmonton Canada) for experimentation.

3.2.2 Assessment of cell recovery

Membrane integrity

The dual fluorescent assay (SytoEB) uses a combination of two
fluorescent dyes, Sytol3 (Molecular Probes, Eugene, OR, USA) and
ethidium bromide (EB; Sigma-Aldrich, Mississauga, ON, Canada) to
assess cell membrane integrity. Syto13 is a DNA/RNA binding stain that
permeates all cells and fluoresces green upon excitation by UV
wavelengths. Ethidium bromide permeates cells with damaged plasma
membranes, exhibiting red fluorescence upon UV exposure. The
combination of these two dyes makes a binary assay with membrane
intact cells exhibiting green fluorescence and membrane compromised
cells exhibiting red fluorescence. The SytoEB stain was prepared using a
1x phosphate buffered saline (PBS), and aliquots of Syto and EB diluted
from the stock solution. The final dye was comprised of 25 uM EB and
12.5 uM Syto13, and 10 pL of the prepared dye were added to a 1 mL
aliquot of HUVEC in suspension and incubated for 2 minutes at room

temperature before analysis.

Mitochondrial membrane potential
The ratiometric dye 5’,6,6'-tetrachloro-1,1’,3,3’-

tetraethylbenzimidazolylcarbocyanine-iodide (JC-1) (Molecular Probes,
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Eugene, OR, USA) was used to assess the mitochondrial membrane
potential of HUVEC in suspension. The fluorescence shifts from green
(=525 nm) in low polarization states (non-functional mitochondria) to red
(=590 nm) in high polarization states (functioning mitochondria). This
change in color of fluorescence is based on a concentration-dependent
shift from monomers of the dye which fluoresce green to aggregates
which fluoresce red. Initially the dye is present as cationic monomers
(green) that permeate into cells, drawn by a negative intracellular
potential. In healthy cells these monomers then permeate into the
mitochondrial matrix, drawn by the electronegative interior of mitochondria
where these monomers form J-aggregates (red) [12]. Therefore cells with
depolarized mitochondria predominately emit green fluorescence from
monomers present in the cytoplasm, and cells with polarized mitochondria
predominantly emit red fluorescence from J-aggregates of the dye.

The JC-1 assay was prepared starting with the stock solution by
combining 5 mg of the JC-1 reagent with 5 mL of Me,SO (Sigma-Aldrich)
to a concentration of 1 mg/mL. 0.8 pL of JC-1 reagent/ Me,SO solution
was added to 0.4 mL aliquots of HUVEC (final concentration of 2 pg/mL)

and incubated for 30 minutes in the incubator at 37 °C and 5 % CO..

3.2.3 Flow cytometry analysis
Aliquots of HUVEC (1 mL) were subjected to one of two
experimental conditions. The first group (the positive control) was left for 5

min at room temperature after treatment prior to analysis with the flow
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cytometer. Sample tubes from the second group (the negative control)
were plunged directly into liquid nitrogen for 2 min, and then subsequently
thawed in a 37 °C water bath until no visible ice was present, prior to
analysis with the flow cytometer.

The above described parameters were assessed with an
unmodified Coulter® EPICS® XL-MCL™ flow cytometer (Beckman-Coulter)
equipped with a 488 nm argon laser. Emission of Syto13 and JC-1
monomers were detected using the FL1 (505-545 nm) bandpass filter; that
of JC-1 aggregates was detected using the FL2 (560-590 nm) bandpass
filter and that of ethidium bromide was detected using the FL3 (605 to 635
nm) bandpass filter. Aliquots of HUVEC (0.4 mL) were loaded and run for
a time interval of 2 minutes in Isoflow™ sheath fluid (Beckman-Coulter).

Fluorescence compensation and data acquisition was performed
using System II™ software (Beckman-Coulter). Fluorescence
compensation of membrane integrity assay (SytoEB) was achieved by
subtracting 27.5 % of FL1 (Syto13) from FL2 (EB), whereas compensation
of mitochondrial membrane potential was achieved by subtracting 43 %
FL1 (JC-1 green) from FL2 (JC-1 red).The corresponding compensated
data was analyzed with the Kaluza® flow cytometry analysis software v1.2
from Beckman Coulter, producing one and two parameter histograms of

both the light scatter and fluorescent properties for each sample.
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3.3.4 Statistical Analysis

Statistical analysis comparisons were conducted using a one-way
analysis of variance (ANOVA) (P = 0.05 level of significance). This
analysis was used to evaluate statistical differences between the number
of cells gated on the basis of fluorescence intensity and light scatter
properties. The mean values and standard error of the mean was also

calculated and included in the result (mean + sem).

3.3 Results

3.3.1 Effectiveness of forward light scatter gating

A typical light scatterplot of the forward scatter (y-axis) and side
scatter (x-axis) measurements of untreated HUVEC control cells in
suspension is shown in figure 3-1. Each dot on this plot represents a
single event through the flow cytometer. Figure 3-1A shows the raw
unprocessed data of all events, and depicts three distinct populations,
grouped into regions: R1 with high forward and high side scatter events
(22 %), R2 with low forward and high side scatter events (5 %), and R3
with low forward and low side scatter events (73 %). Commonly, a
threshold is established on the forward scatter channel under the
assumption that this threshold allows for the discrimination of cells from
debris, where only events greater than the value of this threshold will be
registered by the flow cytometer. Figure 3-1B shows the same data as

figure 3-1A after application of a threshold on the forward scatter intensity,
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where events with forward scatter intensity below the threshold have been
removed. Though it may be true that debris makes up the majority of
events in R3, this is not necessarily true for the events in R2, leaving the
possibility that cells along with debris have been removed by the forward
scatter threshold. Figure 3-2 shows a plot of forward vs. side scatter for
HUVEC directly plunged into liquid nitrogen without cryoprotectant to
induce cryoinjury. Figure 3-2A shows the raw unprocessed data of all
events, where two populations R2 (32 %) and R3 (68 %) consist of the
majority of events, with a few events present in R1. Figure 3-2B shows the
data after application of the forward scatter threshold, where the applied
threshold now excludes the majority of events.

A comparison of figure 3-1A (control) and figure 3-2A (plunged)
shows that the number of events in R1 has decreased and the number in
R2 has increased, indicating that the events of R1 have moved to R2 after
plunging these cells into liquid nitrogen. This indicates that events from R1
represent healthy cells, whereas events from R2 represent damaged cells.
In the untreated control (figure 3-1A) there are some events present in R2
(5 % of total events). Identifying these events as damaged cells indicates
that they make up approximately 20 % of total cells present; this is similar
to our observations using fluorescence microscopy, as approximately
20 % of cells were found to be membrane damaged in control cell

populations of freshly trypsinized HUVEC in suspension (data not shown).
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Applying the typical forward scatter threshold to figure 3-2B (plunged)

removes these damaged cells, excluding them from further analysis.

3.3.2 Effectiveness of fluorescence gating with a membrane integrity
assay — SytoEB

Figure 3-3 shows a membrane integrity analysis performed using
flow cytometry of HUVEC control samples stained with fluorescent dyes
Syto13 and EB. Figure 3-3A shows a histogram of events according to
their green fluorescence of Syto13, a dye that enters all cells, and figure
3-3B shows a histogram of red fluorescence of ethidium bromide, a dye
that permeates membrane damaged cells. Both histograms show a peak
of low fluorescence events separated from a peak of highly fluorescent
events. Because Sytol3 and EB have a high yield of fluorescence when
bound to nucleic acids [43, 49], it is reasonable to conclude that the low
intensity peaks represent debris and high intensity peaks represent cells.

A threshold was placed at the base between the peaks of events to
separate the low green from high green regions as well as low red from
high red regions. For both dyes this threshold was placed to identify
events as either cells (high green and high red, figure 3-3) or debris (low
green and low red, figure 3-3) and with the dyes identifying the membrane
integrity of those cells as membrane intact (high green, figure 3-3A) or
membrane damaged (high red, figure 3-3B). Figure 3-3C shows the raw
forward vs. side scatter data of HUVEC control samples, with high

intensity Syto13 events (green), high intensity EB (red), and the remaining
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events in grey, indicating that membrane intact cells (green) and
membrane compromised cells (red) could be distinguished from debris
(grey). The membrane intact cells make up approximately 82 % of total
cells and also matches the cell population in R1 (figure 3-1), whereas
membrane compromised cells make up approximately 18 % of the total
cells and matches the cell population in R2 (figure 3-1), further indicating
that R1 and R2 are comprised of healthy and damaged cells respectively.
It is noted that there is a proportion of cells (high red, figure 3-3) that are
present in region R3 (figure 3-1). These red fluorescent events is an
indication that damaged cells with low light scatter properties may be
present in R3, or may be due to the presence of portions of cells or
microparticles containing nucleic content present in the cell suspension.
Figure 3-4 shows a membrane integrity analysis of HUVEC plunged
into liquid nitrogen. The same green and red fluorescence thresholds that
were established in figure 3-3 were used for plunge samples to separate
debris (low green and low red in figures 3-4A and B) from cells (high green
and high red in figures 3-4A and B). Figure 3-4A shows a histogram of the
green fluorescence raw data with a peak present in the low green region,
but no peak in the high green region, indicating that there are there are
almost no membrane intact cells after plunging cells in liquid nitrogen.
Figure 3-4B shows a histogram of the red fluorescence raw data with a
low intensity peak in the low red region, and a high intensity peak in the

high red region. Figure 3-4C shows the raw forward vs. side scatter data
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of membrane intact (green), and membrane compromised cells (red)
separated from debris (grey) using fluorescence thresholds. It would be
difficult to distinguish cells from debris within intermixed populations of
damaged cells and debris without the addition of these fluorescence
thresholds.

Comparing figure 3-3A (control) and figure 3-4A (plunge) shows the
number of healthy cells that become damaged when plunged into liquid
nitrogen, represented here by a shift from green to red fluorescence. The
thresholds based on membrane integrity fluorescent dyes are able to
distinguish both healthy control cells and cells damaged by cryoinjury from
debris, which is impossible using a traditional forward scatter threshold.

Figure 3-5 shows the events registered by the flow cytometer that
have been identified as cells when using either a light scatter, or a
fluorescence threshold. The multiparameter capability of the flow
cytometer allows for direct comparison of the light scatter and
fluorescence properties of each recorded event. A comparison of these
thresholds with HUVEC controls shows a similar number of healthy cells
gated by either light scatter or fluorescence. Using fluorescence gates, a
significant increase was observed in the number of damaged cells (EB) in
plunged samples compared to controls (P < 0.05). However, the light
scatter threshold excludes damaged cells from control samples as there
was no difference between the number of damaged cells (EB) in control

and plunged samples using light scatter gates (P > 0.05).
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A drastic decrease was also observed in the total number of cells
identified by light scatter thresholds compared with fluorescence gating,
indicating that light scatter thresholds are ineffective at detecting damaged
cells in both control and plunged samples whereas fluorescence gating

allows for detection of most cells in the suspension.

3.3.3 Effectiveness of fluorescence gating with a mitochondrial

polarization assay — JC-1

JC-1 was used as an indicator of mitochondrial polarization to
identify healthy and cryoinjured cells from debris. Figure 3-6 shows JC-1
green fluorescence in HUVEC control samples. Figure 3-6A shows a
fluorescence histogram separating low intensity events (low green, figure
3-6A) from high intensity events (high green, figure 3-6A). Since the JC-1
assay is membrane potential dependent and requires a negatively
charged intracellular environment in order for the molecules to
concentrate, cells can be associated with the higher intensity events (high
green) and debris can be associated with lower intensity events (low
green). A threshold was established based on the fluorescent intensity of
JC-1 monomers to identify cells from debris for further analysis.

Within the high green region (figure 3-6A), two peaks are present: a
lower intensity peak with a high percentage of events (peak 1: 75.8 +
2.0 %), and a higher intensity peak with a low percentage of events (peak
2: 24.6 + 2.0 %). Since the green fluorescent intensity of JC-1 depends on

the concentration of its monomers, lower intensity events (peak 1, figure
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3-6A) will correspond with cells that contain predominantly
J-aggregates of the dye that results in lower green fluorescent intensity
and suggests that these events represent cells with polarized
mitochondria. Higher intensity JC-1 green events (peak 2, figure 3-6A)
contain predominantly monomers of the dye that results in higher green
fluorescent intensity and suggests that these events represent cells with
depolarized mitochondria.

Figure 3-6B shows the raw forward vs. side scatter data of HUVEC
control samples after the application of this fluorescence threshold with
cells containing polarized (light green) and depolarized mitochondria
(orange) clearly distinguished from debris (grey). Cells with polarized
mitochondria (green, figure 3-6B) show similar light scatter properties to
membrane intact cells (green, figure 3-3C). Correspondingly, cells with
depolarized mitochondria (orange, figure 3-6B) show similar light scatter
properties to membrane compromised cells (red, figure 3-3C). This
provides further evidence of the accuracy of fluorescence thresholds, as
two separate assays were capable of not only discriminating cells from
debris but also identifying healthy from damaged cells.

Figure 3-7 shows the JC-1 green fluorescence of HUVEC plunge
samples. Figure 3-7A shows a fluorescence histogram separating low
intensity debris (low green, figure 3-7A) from high intensity cells (high
green, figure 3-7A). A comparison of fluorescent intensity (expressed in

units of intensity from the flow cytometer, au) showed that cells (high
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green) had increased fluorescence in plunged samples (66.3 + 1.0 au,
figure 3-7A) compared to controls (34.6 £ 2.3 au, figure 3-6A).The lower
intensity of green fluorescence in controls (high green, figure 3-6A) is due
to the lack of JC-1 monomers present in cells, as under control conditions
monomers form aggregates in mitochondria and fluoresce red, lowering
the overall intensity of green fluorescence. As such, monomers of the
JC-1 dye aggregate to emit red fluorescence from polarized mitochondria
indicating healthy cells, where depolarization reflects damaged cells [40].
The higher peak of fluorescent intensity (high green, figure 3-7A) shows
damaged cells with depolarized mitochondria. In figures 3-6B, and 3-7B,
healthy and damaged cells are accurately distinguished from debris with a
fluorescence threshold.

The mitochondrial membrane potential of events identified as cells
(from figures 3-6 and 3-7) was assessed using one parameter histograms
of the intensity of red fluorescence. The red fluorescence intensity of
J-aggregates from the mitochondrial polarization assay JC-1 and the
corresponding light scatter properties of HUVEC are presented in figure
3-8. The forward and side light scatter properties of control (figure 3-8A),
and plunged (figure 3-8B) samples are presented with a corresponding
histogram of JC-1 red fluorescence (figure 3-8C).

The high red fluorescence in control cells (red peak, figure 3-8C) is
from the formation of J-aggregates present in cells with polarized

mitochondria, whereas the low red fluorescence of plunged cells (blue
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peak, figure 3-8C) occurs when mitochondrial membrane potential is not
present, therefore the dye cannot form J-aggregates and the dye remains
as a monomer. Cells with high red fluorescence and corresponding high
forward and high side scatter properties indicate healthy cells (red) and
cells with low red fluorescence and low forward scatter properties indicate
damaged cells (blue). JC-1 not only discriminates cells from debris but
also reflects the functional capacity of HUVEC based on the polarized
state of their mitochondria indicated by the presence of red fluorescent

J-aggregates.

3.4 Discussion

Light scatter is used as a key parameter in flow cytometry to reveal
information about cell size and morphological characteristics that can aid
in the identification of cell types and subpopulations; however the
relationship between particle properties and scattered light is complex.
Since Mullaney et al. demonstrated a relationship between forward light
scatter and cell volume under the assumption that cells were homogenous
spheres with a uniform refractive index [25], a common generalization has
emerged that light scatter in the forward direction gives an estimation of
cell size. Though volume does play a major role, there are limitations to
this generalization, and it has been shown that even for microspheres,
forward scattered light increases with diameter in a non-linear manner

[35], indicating that other factors are also involved. It is obvious that cells
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are not merely spheres with set diameters and refractive indices whose
behavior is unaltered by a changing environment. It must be recognized
that there are limitations to using forward scattered light as a trigger to
discriminate cells from background and debris.

The non-specific binding of antibodies in immunofluorescence
studies to dead and damaged cells was problematic when trying to
distinguish intact cells of interest [22], especially in samples containing
different cell types; using a forward scatter threshold to distinguish cells
was the simplest means of reducing artifacts from this non-specific
binding. The application of this threshold to HUVEC room temperature
controls shows how easily intact cells are identified from debris (figure
3-1B).

In cryobiological studies that require numeration of both damaged
and healthy cells during assessments, traditional use of a light scatter
threshold would lead to the exclusion of damaged cells of interest. These
investigations often use the ratio of healthy to total cells (healthy and
damaged) to determine the effectiveness of cryopreservation protocols.
Plunging HUVEC directly into liquid nitrogen shows the extent of damage
that can occur to cells in a cryopreservation procedure and the
ineffectiveness of the forward scatter threshold to discriminate between
debris, damaged cells and healthy cells (figure 3-2). For cryobiological
studies that need to include damaged cells in the final assessment an

alternative strategy of gating and discriminating cells is required.
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The plasma membrane which has been shown to be a contributing
factor to light scatter characteristics of cells is also an important
determinant of cell viability. Under cryobiological conditions the membrane
acts as a barrier to ice propagation during freezing, and is believed to be
one of the primary sites of cryoinjury during exposure to freeze-thaw
stress [32, 42]. The plasma membrane is an ideal candidate to test the
effectiveness of light scatter and fluorescence gating strategies to
discriminate healthy and damaged cells from debris. A fluorescent
membrane integrity assay (SytoEB) was used to assess the state of the
cell membrane in HUVEC room temperature controls (figure 3-3), and
HUVEC plunged into liquid nitrogen (figure 3-4).

The nucleic acid staining dyes of the membrane integrity assay
(SytoEB) demonstrate the versatility of fluorescence measurements as
healthy cells have high forward scatter and high green fluorescence,
whereas damaged cells have low forward scatter and high red
fluorescence. Due to the similarities in forward light scatter of damaged
cells and debris it is difficult to accurately distinguish damaged cells from
debris using forward light scatter alone. In cryobiological studies where the
proportion of damaged to total (healthy and damaged) cells is to be used;
discarding damaged cells from final assessment would introduce bias in
the final result (figure 3-5). The use of fluorescence intensity gives a more
accurate depiction of a measure for viability and a comparison of control

and plunged HUVEC samples shows the advantage of using fluorescence

76



over light scatter based thresholds in cryobiological applications (figure
3-5).

Fluorescent assays are not limited to assessments of the plasma
membrane; there is the capability of probing the cell in depth with assays
reflecting their function. The JC-1 fluorescent dye is an indicator of
mitochondrial membrane polarization from its formation of red-orange
fluorescent J-aggregates [40]. In control samples the high green region
(high green, figure 3-6A) shows cells with a higher intensity of green
fluorescence than the extraneous events in suspension (low green, figure
3-6A) indicating that not all monomers of the dye form J-aggregates in
healthy cells and that a number of green fluorescent monomers remain in
the cell cytoplasm. A closer observation of control JC-1 green
fluorescence actually shows two peaks, a first peak correlating cells with
high forward scatter properties, and a second peak that correlates with low
forward scatter, further confirming our results of using fluorescence to
discriminate between healthy and damaged cells (figure 3-6). As
expected, events with low forward light scatter were primarily found in the
plunged sample depicting cryoinjured cells (figure 3-7). Despite the
differences in the fluorescent mechanism of a mitochondrial polarization
assay compared to a membrane integrity assay, the same result was
attained, further reinforcing the versatility of fluorescence based cell

discrimination.
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In addition to discriminating cells, JC-1 also gives an indication of
the functional state of mitochondria based on the intensity of red
fluorescent JC-1 aggregates. The polarized state of mitochondria in

control samples gave off significantly higher intensity of fluorescence

when compared to plunged cells (figure 3-8). JC-1 has been found useful

as a ratiometric assay as healthy cells primarily give off high red and low

green fluorescence, whereas damaged cells give off low red and high
green fluorescence, this ratio may be used to determine the polarization

state of mitochondria in cells [34].

3.5 Conclusions

In this study the effectiveness of using light scatter and
fluorescence gating strategies in flow cytometry were compared. These
strategies were used to identify HUVEC from debris in samples at room
temperature and in samples that had been plunged directly into liquid
nitrogen. The traditional method of using forward scattered light as a
trigger signal to discriminate cells excluded the majority of cryoinjured
cells from assessment along with debris. Though this is not a concern
when conducting studies with immunofluorescence, it is problematic for
studies that need to take into account the proportion of viable to total
(viable and non-viable) cells such as in cryobiology. An alternative to
forward light scatter is to use the fluorescence signal intensity to

discriminate both healthy and damaged cells from debris.
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In this study HUVEC healthy and cryoinjured cells were effectively
identified under control and plunged conditions using fluorescence
assessments of membrane integrity, a commonly used assessment of cell
viability, and mitochondrial polarization an effective indicator of the
functional capability of cellular mitochondria. A common nucleic acid
based membrane integrity assay such as the combination of Syto13 and
ethidium bromide easily identifies as cells those events giving off strong
fluorescent signals. The JC-1 dye not only discriminated cells from
background and debris based on the intensity of green JC-1 monomers
but in addition also indicated the functional capability of cellular
mitochondria. These assays demonstrate that fluorescent stains of very
different mechanisms can be equally effective at identifying healthy and
damaged cells with the flow cytometer under conditions where light scatter
has shown to be unreliable. Flow cytometry can be a valuable tool in
studies involving cryo-damage as long as the limitations of traditional
gating methods are taken into account, and the alternatives are

considered.
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Figure 3-1. Flow cytometry forward vs. side scatter intensity plots of

HUVEC room temperature controls:

A) Raw data showing all events

B) Data after application of a threshold on the forward scatter intensity
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Figure 3-2. Flow cytometry forward vs. side scatter intensity plots of

HUVEC after plunging in liquid nitrogen:

A) Raw data showing all events

B) Data after application of a threshold on the forward scatter intensity
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Figure 3-3. SytoEB membrane integrity analysis of HUVEC control samples

as measured by flow cytometry.

A) Histogram of Syto13 fluorescence intensity
B) Histogram of ethidium bromide fluorescence intensity
C) Forward vs. side scatter showing segregation of membrane intact

cells (green), membrane compromised cells (red), and debris (grey)
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Figure 3-4. SytoEB membrane integrity analysis of HUVEC plunge

samples as measured by flow cytometry.

A) Histogram of Syto13 fluorescence intensity
B) Histogram of ethidium bromide fluorescence intensity

C) Forward vs. side scatter showing segregation of membrane intact

T
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cells (green), membrane compromised cells (red), and debris (grey)
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Figure 3-5. Membrane integrity analysis of events identified as cells.

Membrane integrity of HUVEC observed with Syto13 (green) and ethidium
bromide (red) in control and plunge samples gated with either light scatter
or fluorescence (mean + sem; n = 3).

* Signifies statistically significant difference in the number of EB gated
cells from Syto13 of the same group (P < 0.05)

¢ Signifies statistically significant difference in membrane integrity of

plunge-thaw sample from the respective control sample (P < 0.05)
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Figure 3-6. JC-1 mitochondrial polarization analysis of events gated as

cells and debris in HUVEC control samples measured with flow cytometry

A) Histogram of JC-1 green fluorescence intensity showing cells (high
green) with polarized (peak 1) and depolarized (peak 2)
mitochondria separate from debris (low green)

B) Forward vs. side scatterplot showing segregation of cells with
polarized (light green) and depolarized (orange) mitochondria from

debris (grey)
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Figure 3-7. JC-1 mitochondrial polarization analysis of HUVEC plunge

samples measured with flow cytometry

A) Histogram of JC-1 green fluorescence intensity
B) Forward vs. side scatter plot showing segregation of damaged

cells (orange) from debris (grey)
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Figure 3-8. JC-1 mitochondrial polarization analysis of HUVEC red

fluorescence measured with flow cytometry

A) Forward vs. side scatter plot of control cells at room temperature
showing cells with polarized (red) and depolarized (blue)
mitochondria

B) Forward vs. side scatter plot of plunged cells directly into liquid
nitrogen showing only cells with depolarized mitochondria (blue)

C) Histogram comparing the intensity of red fluorescence of control
(red) and plunged (blue) cells
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Chapter 4. Interrupted slow cooling of HUVEC: a
comparative analysis of mitochondrial and

membrane cryoinjury

4.1 Introduction

Investigations of damage to single cells in suspension have led to a
general understanding of the mechanisms of damage that occurs to cells
as a result of slow and rapid cooling rates [6]. Cryobiologists have
proposed mechanisms to explain the occurrence of cryoinjury, including:
the formation of intracellular ice [9, 11, 28], prolonged exposure to
elevated solute concentrations [7, 12], and osmotic stresses from the
addition and removal of cryoprotective agents [4, 22]. The “two-factor
hypothesis” suggests that damage during rapid cooling is associated with
the formation of intracellular ice; and that damage during slow cooling is
associated with solution effects injury as intra- and extracellular water is
converted to ice [10]. Further investigation into the occurrence of
cryoinjury will lead to novel advances in alleviation of cryoinjury in
cryopreservation protocols.

There are routine protocols that have been developed to alleviate
the injurious effects of freezing; however there are few protocols that focus
on cell damage during progression through the freeze-thaw cycle. Farrant
et al. showed that interrupting the cooling process at high subzero

temperatures conferred a protection from damage during rapid cooling to
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-196 °C in a variety of cell types [2]. Interrupted cooling protocols could be
used not only to alleviate injury but also to investigate the response of
cells throughout the cooling process. With fibroblasts as a cell model
McGann used interrupted cooling to investigate cell damage at low
temperatures during low rates of cooling [13]. More recently,
Ross-Rodriguez et al. used interrupted cooling techniques to characterize
the cryobiological responses of TF-1 hematopoietic stem cells [19-21].

Interrupted slow cooling, also known as graded freezing has been
used to investigate cell responses at slower cooling rates. In terms of cell
damage, slow cooling minimizes the probability of intracellular ice but
leaves the cell susceptible to solution effects injury. The relatively long
exposure to a high concentration of solutes associated with slower cooling
rates may damage the membrane, increasing susceptibility of the cell to
mechanical and osmotic stress [3]. The plasma membrane has been
considered one of the primary sites of cryoinjury [26], and the importance
of the plasma membrane to protect cells during freeze-thaw stress has led
to membrane integrity becoming a standard method of cell assessment.
Though membrane integrity assays have played an integral part as an
upper limit in assessment of cellular viability, they do not provide insight
into other important aspects of cell function that may also be susceptible
to cryoinjury.

There has been a growing emphasis on studies investigating other

sites of cryoinjury in addition to the plasma membrane. Cellular
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components such as lysosomes [18], mitochondria [23, 24] and
cytoplasmic granules [1] are adversely affected by freeze thaw-stress,
causing structural and metabolic changes in cells. McGann et al. have
conducted some extensive studies demonstrating cryoinjury to
cytoplasmic and metabolic components of granulocytes [1, 14, 29],
suggesting a second mechanism of damage may be occurring when
cooling these cells. Other studies have found a disconnect between
membrane damage and metabolic activity in split-thickness skin, and
isolated keratinocytes [30] as well as canine kidney cells [27].
Mitochondria have been a particular point of interest as they are an
important part of the functional capability of mammalian cells, involved in
cellular metabolism, oxidative phosphorylation and ATP production, the
citric acid cycle, cell signaling, and apoptosis. Findings by Sherman had
noted “ultrastructural” changes to slowly cooled mitochondria [23], and
correlated this damage with reduced respiratory function in mouse kidney
tissue [24]. The involvement of mitochondria in such cell processes makes
this organelle an attractive target for investigating a secondary site of
cryoinjury.

In this study the relationship between mitochondrial and plasma
membrane damage throughout the duration of a cryopreservation protocol
was investigated. Human umbilical vein endothelial cells (HUVEC) were
subjected to a slow cooling protocol (0.2 °C/min) and assessed with a

mitochondrial polarization assay, and the results of this assay were
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compared to previously obtained results of membrane integrity under the
same conditions (chapter 2). The extent of cryoinjury was determined by
guantifying membrane intact cells and cells that contained functional
(polarized) mitochondria.

The flow cytometer has primarily been used in medical applications
and immunofluorescent studies, but has also been an effective tool in
cryopreservation studies. Flow cytometry was used to quantify the
mitochondrial membrane polarization of slow cooled cells at decreasing
experimental temperatures. The exposure of cells to cryobiological
conditions and resultant changes in forward scattered light has made it
difficult to identify frozen-thawed cells with traditional light scatter gating
strategies, but we have shown that fluorescence gating can be used as a
method of identifying cells from background (chapter 3). Fluorescent flow
cytometric assessments enable high throughput observation of the
membrane integrity and mitochondrial polarization of thousands of
individual cells, allowing for a more comprehensive look at comparing

sites of cryoinjury for cells in suspension.

4.2 Materials and methods

4.2.1 Cell cultures
Human umbilical vein endothelial cells ((Lot#0000120825) HUVEC,;
Lonza®, Walkersville, MD, USA) were cultured at 37 °C and 5 % CO. in

endothelial basal media (EBM-2) supplemented with a bullet kit (Lonza®)

96



containing human fibroblast growth factor B, hydrocortisone, vascular
endothelial growth factor, ascorbic acid, heparin, human endothelial
growth factor, and fetal bovine serum (FBS). For continued passage of
healthy cells, cultures were incubated to approximately 70-80 %
confluency according to LONZA guidelines. For experiments requiring
higher numbers of cells, cultures were left incubated until a higher
confluency was observed (approximately 80-90 %) and then harvested by
exposure to trypsin-EDTA (Lonza®) for 2 minutes at 37 °C. Cell
suspensions were centrifuged at 201 g for 5 min in an Eppendorf 5810R
tabletop centrifuge, and resuspended in endothelial growth media at a
concentration of 1.0x10° cells/mL. Cells from multiple passages were used
for each 1 mL aliquot contained in a 12x75 mm round bottom plastic tube

(VWR, Edmonton Canada) for experimentation.

4.2.2 Interrupted cooling protocol

Graded freezing procedure (interrupted slow cooling without hold time)
The interrupted slow cooling procedure [13] was conducted as

described in Ross-Rodriguez et al. [19]. A schematic representation of the
graded freezing procedure is depicted in figure 2-2. Aliquots (0.2mL) of
HUVEC cell suspension in endothelial growth media were transferred to
6x50 mm glass culture tubes (VWR, Edmonton, AB, Canada) and allowed
to equilibrate at room temperature for 5 minutes. Positive controls were
assessed at room temperature. Negative controls were plunged from room

temperature directly into liquid nitrogen and assessed post-thaw.
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Experimental samples were transferred to a stirred methanol bath preset
at -3 °C and allowed to equilibrate for 5 minutes before ice was nucleated
with cold forceps. Immediately post-nucleation the samples were then
cooled, setting the methanol bath to cool at 0.2 °C/min where the
temperature was monitored using a T-type thermocouple and Personal
Daq View software. At each experimental temperature (-3, -6, -9, -12, -15,
-20, -30 and -40 °C) one sample was directly thawed in a 37 °C water bath
(thawing rate: 121 + 14 °C/min) while the other was plunged into liquid
nitrogen (cooling rate: 574 + 104 °C/min). The plunged samples were kept
in liquid nitrogen for a minimum of 1 hour before being thawed at 37 °C
(thawing rate: 616 + 16 °C/min) in the water bath. Duplicates of each
sample were used for each experiment and repeated at least in triplicate

using cells from different passages.

4.2.3 Assessment of cell recovery

Mitochondrial membrane potential assay

The 5’,6,6’-tetrachloro-1,1’,3,3’-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) dye (Molecular
Probes, Eugene, OR, USA) was used to assess the mitochondrial
membrane potential of HUVEC in suspension. This cationic dye shows the
extent of mitochondrial transmembrane potential. It shifts from green
fluorescence (~525 nm) in low polarization states (non-functional
mitochondria) to red fluorescence (=590 nm) in high polarization states

(functioning mitochondria). This change in colour is based on a
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concentration-dependent shift from monomers of the dye which fluoresce
green to aggregates that fluoresce red. Initially the dye is present as
membrane permeable, cationic monomers (green) that congregate in cells
due to negative intracellular potential. In healthy cells these monomers
then accumulate in the mitochondrial matrix, drawn by the negative charge
of the inner mitochondrial membrane and form aggregates (red), as a
function of the mitochondrial transmembrane potential [5]. Therefore cells
with depolarized mitochondria emit green fluorescence from monomers
present in the cytoplasm, and cells with polarized mitochondria
predominantly emit red fluorescence from aggregates.

The JC-1 assay was prepared starting with the stock solution by
combining 5 mg of the JC-1 reagent with 5 mL of Me,SO (Sigma-Aldrich)
to a concentration of 1 mg/mL. 0.8 pL of JC-1 reagent/Me,SO solution
was added to 0.4 mL aliquots of HUVEC (final concentration: 2 pg/mL)

and incubated for 30 minutes in the incubator at 37 °C and 5 % CO..

4.2.4 Flow cytometry assessment

Assessment of mitochondrial polarization was conducted with an
unmodified Coulter® EPICS® XL-MCL™ flow cytometer (Beckman-Coulter)
equipped with a 488 nm argon laser. Emission of JC-1 monomers was
detected using the FL1 (505-545 nm) bandpass filter and that of JC-1
aggregates was detected using the FL2 (560-590 nm) bandpass filter.
Aliquots of HUVEC (0.4 mL) were loaded and run for a time interval of 2

minutes in Isoflow™ sheath fluid (Beckman-Coulter).
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The corresponding plots were analyzed with flow cytometry
analysis software (Kaluza™ v1.2 from Beckman-Coulter) as two
parameter histograms were produced of the fluorescent properties of each
sample. HUVEC were identified and isolated using one parameter
histograms of the intensity of green fluorescence on a log scale; a
threshold was established to separate high fluorescent (HUVEC) from low
fluorescent (sub-cellular debris) events (chapter 3). The mitochondrial
membrane potential of events identified as cells was assessed using two
parameter histograms of the intensity of red and green fluorescence on a
log scale. Cells with functional mitochondria were determined by
identifying events with a high red/green ratio of fluorescence intensity and
the number of functional cells was compared to the total number of cells in

suspension.

4.2.5 Statistical Analysis

Statistical analysis comparisons were conducted using a one-way
analysis of variance (ANOVA) (P = 0.05 level of significance). This
analysis was used to evaluate statistical differences between
temperatures for membrane integrity and mitochondrial membrane
potential. A one-way ANOVA was also used to evaluate statistical
differences between the values of directly-thawed and plunge-thawed
samples for membrane integrity and mitochondrial membrane potential
(P =0.05 level of significance). The mean values and standard error of

the mean was also calculated and included in the result (mean £ sem).
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4.3 Results and discussion

4.3.1 Controls and contour plots: measurements of mitochondrial

membrane potential with flow cytometry

The mitochondrial membrane potential assay JC-1 used to assess
HUVEC control samples at room temperature is presented in figure 4-1. A
flow cytometry scatterplot (figure 4-1A) shows each cell represented as a
dot with a distinct measure of green (x-axis) and red (y-axis) fluorescence
from the JC-1 dye. Events were identified as cells from debris using a
previously established fluorescent gating strategy (chapter 3). A previous
investigation of HUVEC controls (chapter 3) had shown that there are two
populations present in the control sample: a large population representing
the majority of cells, the viable cells, and a smaller population with fewer
cells, the non-viable cells. Assessment with JC-1 also shows the presence
of two populations: a large group of cells with polarized mitochondria, and
a smaller group of cells with depolarized mitochondria. However, it is
difficult to visually discriminate between these two populations within the
scatterplot (figure 4-1A) due to the high number of registered cells.

A contour plot is another visual representation of the flow cytometry
data that identifies regions in the two-parameter histogram with the same
density of events (figure 4-1B). The contours outline a region that contains
a number of densely packed cell events, where the colour of each contour
indicates the density of events contained within it; high, moderate, and low

density regions are denoted by red, green and blue contours respectively.
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Contour plots allow for ease of visualization in discriminating populations
of cells assessed with JC-1, and distinguishing the population of cells with
polarized mitochondria from the population with depolarized mitochondria.
An assessment of HUVEC controls conducted with the JC-1
mitochondrial polarization assay is shown in figure 4-2. Contour plots
were used to assess both positive control cells at room temperature
(figure 4-2A) and negative control cells plunged directly into liquid nitrogen
and subsequently thawed (figure 4-2B). Using these plots, gates were
established to separate cells with polarized mitochondria (R1) that have a
high red/green fluorescence ratio from cells with depolarized mitochondria
(R2) that have a low red/green fluorescence ratio. Control samples
showed a large population of cells with polarized mitochondria (83.3 £
0.8 %) and a smaller population of cells with depolarized mitochondria
(16.7 £ 0.8 %). Cells plunged into liquid nitrogen showed a majority of
cells with depolarized mitochondria (88.4 + 0.4 %) with a smaller number
of cells with polarized mitochondria (11.6 + 0.3 %). The plunging of cells
from room temperature into liquid nitrogen causes a decrease in the
number of high red/green fluorescent cells (R1) and an increase in the
number low red/green fluorescent cells (R2). This was an indication that
this change in condition caused the mitochondria of the majority of cells in
suspension to become depolarized, shifting them from R1 to R2. Based on
the results of these controls, (and the mechanism of JC-1, and the way

that JC-1 has been used in the literature [25]) regions R1 and R2 were
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used to assess the mitochondrial polarization of HUVEC during interrupted

slow cooling.

4.3.2 Investigating the effect of decreasing temperature on the
polarization state of HUVEC mitochondria during interrupted slow

cooling

A series of contour plots shows the progression of HUVEC
mitochondrial membrane potential with decreasing temperature showing
directly thawed (figure 4-3) and plunge-thawed (figure 4-4) cells.

The mitochondrial polarization of directly-thawed cells from
decreasing experimental temperatures (-3 to -40 °C) during a single
experiment is shown in figure 4-3. Directly-thawing cells from the highest
experimental temperature (-3 °C, top left panel of figure 4-3) resulted in
the majority of cells containing polarized mitochondria; this population is
shown as a large contour with high red/green fluorescence (R1). Cooling
HUVEC at a relatively slow rate (0.2 °C/min) progressively decreased the
size of the contour in R1 and simultaneously increased the size of the
contour in R2 as cells were thawed from decreasing experimental
temperatures (progressive panels in figure 4-3). This was an indication
that when cooled slowly, as the temperature decreased, increasing
numbers of HUVEC had depolarized mitochondria, shown as a shift in the
number of cells from R1 to R2. Cooling these cells to temperatures lower
than -20 °C resulted in a very few cells with polarized mitochondria

(<10 %) (last 3 panels of Figure 4-3).
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The mitochondrial polarization of cells plunged into liquid nitrogen
from decreasing experimental temperatures (-3 to -40 °C) during a single
experiment is shown in figure 4-4. Plunging cells from the highest
experimental temperature (-3 °C, top left panel of figure 4-4) resulted in
the majority of cells having depolarized mitochondria (R2). Post-thaw
assessment of plunge-thaw cells from further decreased temperatures (-6
to -40 °C) showed that these temperatures had no further effect on the
polarization state of cellular mitochondria.

Figure 4-5 shows the compiled data from mitochondrial
assessments comparing results for directly thawed and plunge-thawed
HUVEC. The data was normalized to room temperature controls (83.3 =
0.8 %). The number of directly thawed cells with polarized mitochondria
was shown to significantly decrease with decreasing temperature
(-12 to -40 °C) (P < 0.05), whereas the majority of plunged cells were
depolarized at all experimental temperatures.

Interrupted cooling protocols allow for separate observation and
assessment of cryoinjury that occurs when cooling to the experimental
temperature and when further cooling to the storage temperature. The
progressive decrease in mitochondrial polarization that was observed in
directly thawed cells may be attributed to slow cooling injury from the
relatively slow cooling rate (0.2 °C/min). After extracellular ice nucleation,
slower cooling increases the amount of extracellular ice with decreasing

temperature, resulting in increased extracellular solutes; to maintain
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equilibrium cells efflux water, causing cells to shrink and lose volume; the
culmination of these events increases intracelullular solutes, and solution
effects injury [8, 17]. The plasma membrane has been the main focus
around current theories of cell damage due to solution effects [3, 8, 16] but
other sites within the cell such as mitochondria may also be affected. Few
cells contained polarized mitochondria when these cells were plunged
from any of the experimental temperatures (-3 to -40 °C). Rapid cooling
rates do not give the cell enough time to lose intracellular water making

them susceptible to the formation of intracellular ice [12].

4.3.3 Mitochondria and the membrane: a comparison of HUVEC
mitochondrial polarization and membrane integrity during

interrupted slow cooling

A comparison of HUVEC cryobiological responses during
interrupted slow cooling is shown in figure 4-6 where the mitochondrial
membrane potential (JC-1) results are plotted together with the membrane
integrity (SytoEB) results from Chapter 2 conducted under the same
conditions. A verification for the comparison of membrane integrity with
fluorescence microscopy and mitochondrial polarization with flow
cytometry is present in appendix A. Data were normalized to positive
control samples at room temperature for membrane integrity (86.7 + 2.1
%) and mitochondrial membrane potential (83.3 + 0.8 %).

Directly-thawed HUVEC showed a significant decrease with

decreasing temperature in both membrane integrity (-20 to -40 °C,
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P < 0.05) and mitochondrial polarization (-12 to -40 °C, P < 0.05)

(figure 4-6). At higher experimental temperatures (-3 to -15 °C) there was
no change in membrane integrity, whereas mitochondrial polarization
decreased at -12 °C and below. A greater number of cells exhibited
depolarized mitochondria than exhibited loss of membrane integrity under
these conditions, demonstrated by a 50 % loss of mitochondrial
polarization at -15 °C, and a 50 % loss of membrane integrity at -30 °C.
Progressive slow cooling had a more profound effect on mitochondrial
membrane potential than on membrane integrity for directly thawed
HUVEC.

HUVEC plunged samples showed a significant increase in the
number of membrane intact cells with decreasing temperature from -15 to
-30 °C (P < 0.05), where mitochondrial polarization of identically-treated
samples showed a low percentage of cells with polarized mitochondria
(<10 %) throughout the full range of experimental temperatures
(-3 to -40 °C).

A comparison of mitochondrial and membrane responses to the
same interrupted cooling protocol showed that cells were damaged to a
different extent based on the site of injury that was assessed, with
mitochondria more greatly affected compared to the plasma membrane of
plunge-thawed cells. After normalization to controls, HUVEC slow cooled
(0.2 °C/min) to -20 °C and plunged into liquid nitrogen showed

approximately 40 % of cells with an intact plasma membrane; but few
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(<8 %) of those cells contained polarized mitochondria. Previous studies
have suggested that freezing and thawing have an indirect deleterious
effect on cellular mitochondria and that these organelles may exhibit
differential sensitivities to freezing conditions [23, 24].

The difference between the cryobiological response of mitochondria
and the plasma membrane may be explained by two separate
mechanisms of damage affecting these sites of injury. McGann et al.
proposed a general model of slow cooling injury in which lysosomes are
initially adversely affected causing a release of hydrolytic enzymes that
subsequently damage mitochondria and the plasma membrane [14].
Lysosomes had been identified as primary targets of cryoinjury [18], and
the release of hydrolytic enzymes has the capacity to uncouple oxidative
phosphorylation in mitochondria [15]. This model provides an explanation
for indirect damage to mitochondria that manifested from slow cooling
hypertonic conditions causing decreased mitochondrial polarization in
cells that had maintained membrane integrity.

This model has been generalized into the occurrence of two types
of cell damage during slow cooling: a direct damage to the plasma
membrane from solution effects injury, and an indirect damage that
adversely affects components of the cytoplasm. Our results indicate that
two types of damage are taking place (figure 4-6), that are affecting
mitochondria and the plasma membrane differently during interrupted slow

cooling. Other evidence of indirect slow cooling damage has been
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demonstrated in granulocytes [1, 29], fibroblasts [14], split-thickness skin

and isolated keratinocytes [30].

4.4 Conclusions

This study focused on damage to HUVEC at two different sites of
cryoinjury during an interrupted slow cooling protocol (graded freezing).
Flow cytometry was used to identify and assess the mitochondrial
polarization state of HUVEC. Assessment of mitochondrial polarization
showed that progressively more cells had depolarized mitochondria with
decreasing temperatures, and that few cells showed polarized
mitochondria when plunged into liquid nitrogen, regardless of prior
exposure to an experimental temperature. When mitochondrial
polarization was compared to membrane integrity (chapter 2), assessment
of these two different sites of cryoinjury showed that mitochondria were
depolarized under cooling conditions where the plasma membrane was
still intact. The differential cryobiological response between mitochondrial
polarization and membrane integrity may be attributed to different types of
damage at each of these sites. Direct damage to the plasma membrane
may be attributed to solution effects injury, and indirect damage may be
affecting the cytosolic components of cells such as HUVEC mitochondria.

Although the occurrence of indirect damage is well documented,
there is only speculation on the mechanism of how this damage occurs.

Further studies on the details of damage to other organelles, cell
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processes and pathways during slow cooling would provide further insight
into the mechanism of how slow cooling injury occurs and whether or not
this injury is reversible or results in cell death. Investigation of the details
of cryoinjury may lead to novel approaches and breakthroughs in future

cryopreservation of cells and tissues.

109



1034
102-:

10"

JC-1 Red

100

10° 10' 102
JC-1 Green

TTTTTTT

10°

JC-1 Red

103

10"

100_

J

10°

0
JC-1 Green

102

10°

Figure 4-1. Representation of HUVEC control at room temperature, after

incorporation of a fluorescent threshold (Chapter 3).

A) Scatterplot of all cells recorded by the flow cytometer

B) Scatterplot converted to a contour plot of cells showing regions of

high (red contour line), moderate (green contour), and low (blue

contour), number of cells measured by flow cytometry
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Figure 4-2. Contour plots of HUVEC membrane integrity analysis with

JC-1. Showing cells containing polarized (R1) and depolarized (R2)
mitochondria, as well as areas with a high (red contour), moderate (green
contour), and low (blue contour) number of cells measured by flow
cytometry

A) Control samples

B) Samples plunged in liquid nitrogen (-196°C) and thawed rapidly
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Figure 4-3. Contour plots of mitochondrial polarization of direct-thaw

HUVEC from intermediate temperatures when cooled at 0.2 °C/min.

Showing cells containing polarized (R1) and depolarized (R2)
mitochondria, as well as areas with a high (red contour), moderate (green
contour), and low (blue contour) number of cells measured by flow

cytometry
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Figure 4-4. Contour plots of mitochondrial polarization of plunge-thawed

HUVEC plunged from different temperatures after cooling at 0.2 °C/min.

Showing cells containing polarized (R1) and depolarized (R2)
mitochondria, as well as areas with a high (red contour), moderate (green
contour), and low (blue contour) number of cells measured by flow

cytometry
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Figure 4-5. Summary of HUVEC mitochondrial polarization (JC-1)

analysis. Cells were cooled to various subzero temperatures at a rate of

0.2 °C/min (mean = sem; normalized to control; n = 3) and then either

thawed directly (dashed) or plunged into liquid nitrogen (solid) before

being thawed.

* Signifies statistically significant difference in membrane integrity at the

measured temperature from the initial temperature (-3 °C) of the same

curve (P < 0.05)

¢ Signifies statistically significant difference in membrane integrity of

plunge-thaw samples from the respective direct-thaw sample (P < 0.05)
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Figure 4-6. Comparison of membrane integrity (SytoEB) and mitochondrial

polarization (JC-1) analysis of HUVEC. Cells were cooled to various

subzero temperatures at a rate of 0.2 °C/min (mean + sem; normalized);
then either thawed directly (dashed) or plunged into liquid nitrogen (solid)
before being thawed.

* Signifies statistically significant difference in membrane integrity at the
measured temperature from the initial temperature (-3 °C) of the same
curve (P < 0.05)

¢ Signifies statistically significant difference in membrane integrity of

plunge-thaw samples from the respective direct-thaw sample (P < 0.05)
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Chapter 5 — General discussion and conclusions

5.1 Review of aim and hypotheses

Current methods of post-thaw cell assessments rely on membrane
integrity as a primary determinant of cell viability. Although membrane
integrity is a useful assay of cell survival as it gives an upper limit of
viability, it gives little insight into the functional and metabolic capabilities
of the cell. The aim of this thesis was to probe the occurrence of damage
at a different site of cryoinjury for comparison with cell membrane
responses when subjected to a particular cooling strategy. One hypothesis
had stated that mitochondrial polarization would show an increased
susceptibility to interrupted cooling protocols compared to membrane
integrity of HUVEC. From this work it was observed that cryoinjury affects
two components of the cell differently under the same cryopreservation
conditions.

Flow cytometry was used as a tool to identify and assess cells
under cryopreservation conditions. The other hypothesis stated that
HUVEC were more readily identified from debris with a fluorescence

gating strategy compared to traditional light scatter thresholds.

5.2 Summary of thesis results

Interrupted cooling protocols were used to quantify the

cryobiological response of HUVEC to low temperatures in the absence of
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cryoprotectant. Cells were subjected to a two-step freezing protocol over a
range of decreasing temperatures and hold times, as well as a graded
freezing protocol at varied cooling rates. According to the “two-factor
hypothesis” of freezing injury cells cooled too rapidly have an increased
probability of undergoing IIF, and cells cooled too slowly may be affected
by solution effects [1]. HUVEC were observed to benefit from longer hold
times and slower cooling rates, and to be adversely affected by rapid
cooling rates and short hold times. This was an indication that HUVEC
may be resistant to the solution effects injury associated with low cooling
rates and susceptible to IIF associated with high cooling rates. Based on
these results, only slow cooling rates were used as a basis of comparison
for further assessments of cryoinjury.

The second study investigated the effectiveness of light scatter and
fluorescent gating strategies with flow cytometry in low temperature
studies. The stress imposed on cells from freezing at decreasing
temperatures causes a decrease in the forward light scatter properties of
cells, making them difficult to distinguish from debris. It is difficult to
identify cells using traditional light scatter gating strategies that are
typically used in flow cytometry studies. Light scatter gating was
demonstrated to be ineffective for identifying cryoinjured cells from debris
in samples plunged directly into liquid nitrogen. Gating based on intensity
of fluorescence was considered as an alternative to light scatter for

identification of both healthy and damaged cells. It was found that both
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healthy and damaged HUVEC were effectively identified from debris under
control and plunged conditions using the fluorescence intensity of
membrane integrity (SytoEB) and mitochondrial polarization assays
(JC-1). Although the basis of fluorescence for each of these assays was
different, they were equally effective at identifying healthy and damaged
cells with the flow cytometer under conditions where light scatter was
shown to be unreliable. Flow cytometry has the potential to be a valuable
tool in studies involving cryo-damage as long as the limitations of
traditional methods are taken into account, and the alternatives are
considered.

The third study explored the relationship between mitochondrial
polarization and membrane integrity throughout the duration of an
interrupted cooling protocol. A relatively slow rate of cooling (0.2 °C/min)
was used to examine the effects of decreased temperatures on
mitochondrial membrane potential (chapter 4) and these results were
compared to previous assessments of membrane integrity (chapter 2).
Post-thaw assessments showed that for directly thawed cells there was an
increasing number of cells with depolarized mitochondria with decreasing
temperature, and that cells plunged in liquid nitrogen and subsequently
thawed contained few polarized mitochondria. A comparison of
mitochondria and membrane integrity showed that mitochondria become
depolarized under conditions where the plasma membrane is found to be

intact. The difference in cryobiological response between mitochondrial
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polarization and membrane integrity may be attributed to different types of
damage at each of these sites. As direct damage from solution effects
may cause damage to the plasma membrane, an indirect damage may be

affecting the polarization state of mitochondria.

5.3 Significance in cryobiology

There are cooling strategies and methods of assessment that have
become standard practice in the field of cryobiology. Cells are typically
cooled at a set constant cooling rate combined with a variety of
cryoprotective agents to freeze and preserve cells and the outcome of
preservation is based on the membrane integrity of cells post-thaw.
However, it is advantageous to also consider how freezing affects various
components of cells and the relationship between physical and functional
changes the cell undergoes when subjected to various low temperatures.
This thesis provides a comparative analysis of mitochondrial polarization
and membrane integrity cryobiological responses to various low
temperatures during interrupted cooling. This study was conducted to
emphasize the importance of looking at different sites of the cell that are
damaged during cryopreservation. This study may contribute to devising
theories to explain mechanisms of cell damage and may contribute to
novel approaches of cryopreserving cells. It was shown that cells
experience different degrees of damage at two sites of cryoinjury, as it

was revealed that mitochondria become depolarized under conditions
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where integrity of the plasma membrane was maintained. A better
understanding of how cells are damaged at low temperatures will lead to
approaches to alleviate this damage allowing for the development of new
cryopreservation strategies.

This study also used flow cytometry to investigate the responses of
cells in suspension. Flow cytometry is a common technique used in cell
biology that has been implemented in preservation studies. This thesis
showed that flow cytometry has the potential to be an effective tool in
cryobiological studies but must be adapted to identify cryoinjured cells
from debris. Flow cytometry studies typically identify cells from debris
based on their light scatter properties, readily identifying healthy cells from
cellular debris. However cryobiological conditions impose stress on cells
that alter their light scatter properties, making cryoinjured cells difficult to
identify from debris. It was shown that flow cytometry analysis can be
properly adapted for use in cryopreservation applications by taking

advantage of fluorescence intensity as a means of cell identification.
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Appendix A.

A verification of controls: membrane integrity with

fluorescence microscopy and flow cytometry

In order to correctly verify that previous fluorescence microscopy
results of membrane integrity (chapter 2) could be compared with flow
cytometry results of mitochondrial polarization (chapter 4); an evaluation
of membrane integrity of controls was conducted with the flow cytometer.

A dual fluorescent assay (SytoEB) consisting of two fluorescent
dyes, Syto13 (Molecular Probes, Eugene, OR, USA) and ethidium
bromide (Sigma-Aldrich, Mississauga, ON, Canada), was used to assess
membrane integrity. Syto is a DNA/RNA binding stain that is permeant to
virtually all cell membranes and fluoresces green upon excitation by UV
wavelengths. Ethidium bromide (EB) only permeates into cells with
damaged plasma membranes, exhibiting red fluorescence upon UV
exposure. The combination of these two dyes creates a binary assay
where membrane intact cells exhibit green fluorescence and membrane
compromised cells exhibit red fluorescence. The SytoEB assay was
prepared using 1x phosphate buffered saline (PBS), and aliquots of
Syto13 and EB diluted from stock solutions. The final dye combination
was comprised of 25 uM of EB and 12.5 pM of Syto13 in a 1 mL solution,

where 0.1 mL of dye was added to a 1 mL aliquot of HUVECs in
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suspension and incubated for 2 minutes at room temperature before
analysis.

Assessments of membrane integrity of HUVEC controls at room
temperature and after plunging into liquid nitrogen using flow cytometry is
shown in figure A-1. A contour plot of cell events on a diagram of the
intensity of green fluorescence (Sytol13, x-axis) versus the intensity of red
fluorescence (EB, y-axis) was used to assess HUVEC membrane
integrity. Contours depict the regions of concentrated events by color;
where red, green, blue, and purple contours contain high, moderate, low,
and very low densities of cells respectively (figure A-1). Control samples at
room temperature (figure A-1A) show a majority of membrane intact cells
with high green fluorescence (82.1 + 1.0 %), and only a few compromised
cells with high red fluorescence (17.9 + 1.0 %). These results with the flow
cytometer can be compared to results obtained with the fluorescence
microscope that also showed control samples having a majority of
membrane intact cells (84.6 £ 4.8 %) and plunged samples having a
majority of membrane compromised cells (15.4 + 1.1 %). The similarities
in the obtained values of membrane integrity under both control conditions
with these two different instruments (fluorescence microscopy and flow
cytrometry) was used as a verification that graded freezing results for
HUVEC obtained with the fluorescence microscope and flow cytometer

could be directly compared.
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Figure A-1. Contour plots of HUVEC membrane integrity analysis with

SytoEB. Showing regions of high (red contours), moderate (green
contours), low (blue contours), and very low (purple contours) number of
cells measured by flow cytometry

A) Control samples

B) Samples plunged in liquid nitrogen (-196°C)
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