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ABSTRACT
MICRO-SCALE IN VIVO IMAGING OF FREEZING IN TISSUES
By

Gloria D. Elliott

Cryosurgery is the use of localized freezing to kill undesirable tissue. Although
rapid freezing rates are known to create intracellular ice, a phenomenon that correlates
highly with cell death, the effects of slow freezing rates and high sub-zero temperatures
that characterize the edge of a cryo-lesion are not well understood. Understanding the
relationship between thermal history and physiological response in tissues relies on the
ability to generate quantitative measures of each.

A novel Green Fluorescent Protein (GFP) transfection based viability assay was
developed that allowed the continuous in vivo evaluation of injury in the cryo-treated
tissue. GFP produced by the transfected cell was found to leak from damaged cells but
was retained in living cells. Viability results with this new assay correlated highly with
other static indicators of death. A radial mass diffusion and dilution mathematical model
was found to adequately explain the transient changes in GFP fluorescence intensity
observed following death of cells in suspension and within tissues.

Obtaining accurate thermal measurements within small cryo-lesions is very
challenging. Typically only a few thermocouples can be used, and these are prone to fin
effects and placement error. To create a cryo-lesion that was thermally well
characterized, a novel annular freeze apparatus was developed that minimized the spatial

temperature gradients. This device uniformly freezes tissue within a rat skin flap







chamber while allowing optical access to the tissue before, during, and after treatment.
Meticulous thermocouple measurements were acquired in phantom tissues and in vivo,
and results were also compared to a numerical simulation to validate the uniformity of the
field.

These new technologies were brought together to investigate the effect of high
sub-zero temperatures and slow cooling rates on both the microvasculature and tumor cell
viability in a living rodent. The microvasculature was severely disrupted immediately
after freezing, evidenced by vessel dilation, hemorrhage, and stasis. The cells survived
the freezing, but died several hours after the treatment. These results provide the first
direct evidence that cells in vivo are not dying immediately after the initial freezing
insult, thus implicating the role of secondary effects and possibly solute injury in creating

the ultimate cryo-lesion.
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Chapter 1

Introduction

1.1 Motivation for the Research

Low temperature injury to bio-materials has wide-reaching significance in arenas
as vast as maintaining ecological diversity to preventing death by cancer. Although
injuries of this nature have been studied for some decades, there remains considerable
ambiguity as to the mechanisms by which these injuries occur (Rubinsky, 1991). As the
temperature of a biological material is lowered, the effect can be preserving or
deleterious. These conflicting manifestations are the product of an intricate interaction
between thermal, chemical, electrical, and mechanical forces (McGrath, 1993).
Depending on the degree of cooling, the final end temperature reached, and rate at which
the material is cooled, stored, and warmed, different injury or preservation mechanisms
dominate.

The primary goal in a cryosurgical process is to use localized freezing to achieve
maximal tumor destruction, without injury to healthy tissue. The current state of the art

limits the optimization of existing cryosurgical devices and processes as well as the
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development of new devices and procedures that could extend the use of cryosurgery to
other applications. The limiting factor is that the mechanisms by which the freezing and
thawing kill the cancerous tissue are not well understood (Bischof et al., 1993, 1997). A
fundamental understanding of the response of tissue to freezing and thawing is lacking
whether the tissue is normal or neoplastic. To develop a comprehensive understanding of
the damage inflicted by cryosurgery, it is necessary to understand the direct cellular
injury caused by the decreased temperature and the formation of ice, and also the
contribution of secondary effects such as cell-mediated inflammatory response, host
immune response, and vascular damage to the overall injury. The mechanisms of injury
are not well understood primarily because the tools to easily delineate direct kill and
ischemia and inflammatory effects do not exist. As well, understanding the time course
of damage is difficult and requires the sacrifice of many animals. This lack of
understanding means that sub-optimal results are obtained from procedures designed to
destroy tumors by freezing (cryosurgery) or, conversely, the development of protocols
designed to preserve tissues and organs for storage. Development of a non-toxic viability
assay that can provide information about the vital state of a tissue over time, without
sacrifice of the animal, can significantly improve experimental efficiency as well as
provide continuous viability information that can begin to uncouple direct injury from
secondary effects.

Understanding the thermal history that gives rise to the freeze injury is also a
fundamental aspect of what will hereafter be generally referred to as ‘the cryosurgery
problem’. Quantifying the thermal history eliciting the particular tissue response is an

important and non-trivial task. For example, Bischof et al., 1997, predicted that the



——a
ldoeb

Les

0o~
RN
AT
b+
S




cooling rates in biological tissue treated with a 3-mm liquid nitrogen-cooled probe would
range from >1000 °C/min to 5 °C/min, with temperatures ranging from —196° C at the
surface of the cryosurgical probe to ~0 °C at the edge of the ice ball. These extremes of
temperature and freezing rates are manifested in an ice ball of order 1 cm. To understand
the spatial variation in cell death that occurs in cryosurgically-treated tissue, the thermal
history must be understood throughout the cryo-lesion. Although discrete thermocouples
can be used to record local temperatures, the accuracy of the measurements are somewhat
questionable due to inherent difficulties in acquiring measurements in steep spatial
gradients of temperature that are rapidly changing in time. Thermal field information can
only be obtained by interpolating between these discrete measurements and/or theoretical
modeling. Not only is this temperature field estimation challenging due to tissue
inhomogeneities and a lack of reliable thermal property data, but the warming effect of
circulating blood, as well as metabolic heat generation must be considered when freezing
a biomaterial in situ. This results in complicated governing equations, limiting most
mathematical models of biological freezing to numerical solutions. Optimizing the
measurement of temperature in biological materials and/or developing suitable
mathematical models are thus important complementary aspects of creating technologies
to improve the understanding of thermal history-viability functional relationships.

The cryosurgery problem presented here represents a sub-class of bio-heat
problems in which the primary objectives are to quantify a transient temperature field in a
biological material and understand the associated biophysical response. Thus, developing
technologies to address challenges of this nature in the cryosurgery problem will have

positive implications for other bio-heat transfer problems as well.
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1.2 Intra-vital Microscopy

Just as the march of engineering technology of recent decades has been towards
smaller, better, and faster, so has medical treatment and sensing progressed from gross
anatomical assessment to the scale of sub-cellular structures. Disease is treated at the
genetic level and molecular imaging is providing us with unprecedented information
about the molecules that comprise our tissues and organs. The bulk of biomedical
research addresses in some way the impaired transport of molecules or loss of cellular
control. Consequently, engineering tools developed to study disease are geared towards
micro-scale cellular sensing, imaging, or manipulation.

Intra-vital preparations are becoming exceedingly popular as a tool to understand
cellular injury, dysfunction, and repair. The complex interplay of inflammation and direct
cell injury following ischemia-reperfusion has been studied using intravital microscopy in
rodent models for direct visualization of cellular and tissue response by way of neutrophil
infiltration and vessel leakage of fluorescently-labeled macromolecules (Schuder ef al.,
1999). Trans-illuminated tissue model systems such as the dorsal skin flap chamber
(DSFC), hamster cheek pouch, and rabbit ear preparations have been used effectively for
many types of studies. Such systems provide direct, in vivo optical access to tissue and
vasculature. These intra-vital approaches have been utilized to understand the
extravasation of chemotherapy drugs (Gaber et al., 1996), micro-vascular permeability
(Yuan et al., 1993), angiogenesis (Li et al., 2000), and vascular injury following burn
injury (Aggarwal ef al., 1989), laser treatment (Gourgouliatos et al., 1991), cryosurgery
(Hoffman and Bischof, 2001ab), and radiation (Wu et al., 1994). However, the single

feature missing from all of these studies was the ability to monitor cell death dynamically
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in the same animal. Independent of the observation period for the phenomena under
investigation, cell death could only be established at a single end point in a given animal,
either by delivery of a vital dye and subsequent termination, or by termination and biopsy
for standard pathological analysis.

Because of the preponderance of intra-vital preparations and techniques currently
being utilized to study a range of tissue injury phenomena, and also because of the
immediate impact that a new intra-vital continuous viability assay could have in these

systems, the in vivo model used in this work will implement the dorsal skin flap chamber.

1.3 Viability Assays

Evaluation of the viability of individual cells, as well as cells within tissues and
organs after freezing is of fundamental importance for cryopreservation and cryosurgery
research.  Although cryopreservation seeks to sustain cell and tissue viability and
conversely, cryosurgery seeks to devitalize neoplastic tissue, both rely on some
measurable function of viability to determine protocol success. Measuring viability is a
difficult task whether single cells or tissues are under consideration, partly because
viability is often poorly defined and can be associated with many different aspects of the
cell or tissue (Pegg, 1989). These aspects include morphology, cell attachment, motility,
chemotaxis, fertilization capacity, membrane integrity, enzyme activity, protein
synthesis, metabolism, reproduction, etc. Although there is no universally agreed upon
definition for viability that suits all contexts, and perhaps none possible, the convention
adopted by Pegg (1989) is embraced in this work. That is, viability can be considered

“the ability of a treated sample to exhibit a specific function or functions, expressed as a
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proportion of the same function exhibited by the same sample before treatment, or an
identical fresh untreated sample”. There exist a number of assays that evaluate functions
of the cell, such as metabolic activity (e.g., MTT, Alamar Blue), and others that indicate
cell membrane integrity (e.g., Ethidium Bromide, Trypan Blue). However, there are a
limited number of assays available for determining tissue viability, especially in situ, and
none that provide continuous dynamic measurements.

In the case of single cells it is relatively easy to add substrates such as fluorescent
dyes and these often correlate well with other accepted measures of viability. In contrast,
targeting dyes and substrates for tissue viability applications is difficult. A major problem
is that application of the dye or substrate is often diffusion-limited even for seemingly
small tissue sizes. = The current gold standard for evaluating tissue injury is
histopathology. This biopsy and stain approach provides very detailed information about
the cellular characteristics of the injury (vacuolization, membrane disruption, nuclear
coagulation, vascular congestion, etc.) but the information is static, and represents the
injurious state of the tissue only at the time of biopsy. Moreover, there is a significant
incubation time following injury before the damage progresses to an extent that it can be
detected in histopathology specimens using standard light microscopy evaluation. Injury
is a dynamic phenomenon occurring immediately after the insult, and progressing for
days, with tissue remodeling continuing for weeks and months.

To understand the dynamics of this tissue injury, as well as when other
interventions can accelerate or ameliorate its progression, the sacrifice of many animals is
necessary. Because of variation from animal to animal, the number of animals included

per group needs to be large to ensure statistical significance. To provide comprehensive
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information about injury progression requires experimental groups that span the range of
the phenomenon in small increments of time. This can translate into hundreds, and
perhaps even thousands of animals to effectively understand the development of the
injury. The consequence is either interpolation between discrete static measures or else
exorbitant research costs. The latter case is especially so with the current trends toward
utilization of ‘knock-out’ or transgenic animal models, with a cost per animal as much as
5-50 times that of the wild-type. The histological processing of tissues may also
introduce artifacts and it is often difficult to correlate the processed tissue in space and
time with other phenomena of interest that were applied to or occurred within the tissue.

Intra-vital dyes used in conjunction with microscopy, without fixation, are now
the state of the art for dynamic viability imaging (Schuder et al., 1999; Wanner et al.,
1999). However, the techniques for dye perfusion and observation are invasive and the
dyes can be toxic, consequently requiring termination of the host before recovery from
anesthesia. This restricts the duration of dynamic evaluation to experiments that can be
completed within a single anesthesia period. These in situ assays do not permit dynamic
and long-term evaluation of viability.

To date, most of the studies attempting to address the morphological, biophysical,
and thermal response of mammalian tissues to freezing have been done using tissue slices
or cell monolayers and suspensions. It is well known however, that models based on
parameters derived from these in vitro studies under-predict the extent of damage that
occurs in an actual cryosurgery (Bischof, 1997). It has been suggested that this
differential is due to a vascular mechanism of injury, yet the nature of the injury has not

been well-characterized due to a lack of adequate in vivo assays. Conventional
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fluorophores and chromophores are inserted into cells using microporation techniques or
via passive transport by incubation of cells in culture containing the probe. Although,
tissues can be suffused with assay solution, often the result is toxic to the tissue, and there
is difficulty with close-packed cells (Muldrew, 1994). Moreover it becomes difficult to
distinguish tumor and healthy tissue margins. A different class of fluorescent
biomarkers, called Green Fluorescent Proteins (GFP) may be able to furnish this very
necessary tissue assay.

The assay proposed in this work does not require staining or fixation of the tissue
to indicate viability, but relies on the expression and retention of an intracellular protein,
GFP, produced by a transfected cell. Because the fluorescent compound is produced
intracellularly, there is no requirement for electroporation techniques or diffusion
(passive or active) to insert the probe into the cell. Moreover, no exogenous substrate is
required to produce the fluorescence. The cells can be assayed without altering the
system in any way, other than illuminating with light of the proper excitation wavelength.
This allows continuous, real-time, non-destructive evaluation of GFP fluorescence when
optical access is possible. These features may provide the basis for a powerful tissue
viability assay as well as an assay for isolated cells. Because the introduction of dyes is
not required, limitations associated with diffusion of dyes are superceded. Moreover
biopsy is not necessary to assess viability. The GFP fluorescence may be assessed in
real-time, in a living host, without sacrificing the animal, allowing the study of host-
mediated effects on the protocol of interest. This would also permit chronic and long-

term studies on the same animal or system.
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Although GFP has been shown to be non-toxic to cells, toxicity to an animal may
be relevant in a system where GFP can be released from cells, as in the case of the
proposed system. The fact that GFP mice and GFP bunnies have been produced by
inserting GFP into embryonic cells suggests that organisms can be very tolerant of this

protein. This aspect of toxicity will be discussed in further detail in Chapter 4.

1.4 State of the Art in Cryosurgical Research

Because the proposed research has been motivated by a class of bio-heat transfer
problems that are large in scope, to provide comprehensive validation for the new intra-
vital imaging techniques and yet ensuring a tractable problem, the cryosurgery problem
was chosen. The injury phenomena associated with cryosurgery are complex and occur
on several time scales and there are ambiguities about the nature of injury in certain
regions of the cryo-treated tissue. These features will serve to illustrate the power of the
technology developed in this work. It is believed that a GFP-based intra-vital viability
assay can provide new information about the cryosurgery problem that has not previously
been possible. Because the GFP intra-vital technology will be developed and
characterized in the context of low temperature injury with specific attention to the
thermal conditions of relevance to cryosurgery, a review of the state-of- the-art in

cryosurgery research is warranted.

1.4.1 Historical Perspective
The use of low temperatures to treat pathological conditions dates back to the

1850’s when iced saline solutions (-18 to -20 °C) were used to irrigate cancers of the
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breast and cervix, primarily for palliative purposes (Gage, 1992; Bird, 1949). With the
advent of liquefied gases came the ability to apply much colder temperatures (e.g.
liquefied N, -196 °C). Thus, freezing at faster rates and to much lower temperatures was
now possible in the tissue. As a direct result of this innovation, successful cryosurgeries
of topical cancers, primarily dermal and opthamalgic, were reported (Gage, 1992, 1998;
White, 1899). In the mid-80’s breast cancer cryolumpectomies were performed (Rand et
al., 1985, 1987) wherein the tumorous mass was first frozen through an open wound and
then removed as in a normal resection procedure. Later, with advances in imaging
technology (Hong et al., 1994; Gilbert et al., 1997), cryosurgery moved deeper inside the
body, in the treatment of visceral disease. The ability to monitor location of the freezing
probe and the position of the advancing ice front permitted much greater control and
resulted in much less invasive procedures.

Cryosurgery has been successfully performed on a diversity of organs including
the brain, liver, bronchus, prostate, pancreas, and oral and nasal cavities (Gage, 1992;
Baust et al., 1997). Moreover, liver and prostate cryosurgeries are becoming routine in
clinical settings (Baust et al., 1997). The ability to perform cryosurgeries through stab
incisions has allowed the cryosurgical treatment of awkwardly seated tumors and lesions
not possible to treat using an open wound conventional approach. Because the
undesirable tissue is not removed from the body, post- surgical results are cosmetically
pleasing with less tissue loss than surgical excision. In addition to being a primary care
alternative, cryosurgery has also been shown to be beneficial in the management of
recurrent carcinomas following standard excisions. Cure of metastases has also been

reported in rare cases.
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Although cryosurgery has been shown to be an effective means of treating various
cancers (Gage, 1992; Baust ef al., 1997), there are still many ambiguities about the nature
of the freeze injury that occurs and the best approach to maximizing the damage accruing
in a single freeze-thaw cycle (Gage and Baust, 1998). To improve the state-of-the art in
cryosurgical research, there is a need for an improved understanding of the response of
tumor tissue to freezing and thawing in vivo. Studies on biopsied tissues have
contributed significantly to our understanding of the biophysical response of healthy and
tumor tissue to freezing (Rubinsky and Ikeda, 1985; Bischof er al, 1993). However, in
vitro cell and tissue studies cannot account for cell-mediated immunological responses or
the presence of circulating blood. Both of these can significantly impact cryosurgical
outcome (Gage and Baust, 1998). Additionally, information from post-operative tissue
biopsy is constrained to the time it was obtained and therefore offers only a static
interpretation of tissue response to cryosurgery. However, evidence suggests that cell
death following cryosurgery is not a discrete phenomenon, but that ischemic necrosis,
occurring on a longer time scale than direct injury, contributes to the overall lesion size
(Hoffman et al., 1999, 2001b). This not only complicates the assessment of cryosurgical
success, but also makes it difficult for the surgeon to delineate suitable margins for
debridement of dead tissue following frostbite injury (Zook et al., 1998). Understanding
the dynamics of tissue degeneration following freezing injury thus has important clinical
ramifications.

It is known that in tissues such as the liver (Bischof et al., 1993) and prostate
(Bischof et al., 1997) regions near the cryosurgical probe experience fast freezing rates

and are associated with intracellular ice formation. Peripheral regions of the tumor
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experience slower rates and tissue death in this region is typically related to solution
effect or solutes injury. A vascular mechanism of injury has also been suggested as
accounting for some of the necrosis at the edge of the cryo-lesion (Bischof et al., 1997).
The precise conditions that give rise to these types of damage are not well-understood
(Rubinsky and Onik, 1991; McGrath, 1993; Bischof et al., 1997) and they vary from
tissue to tissue (Shepherd and Dawber, 1984). More complete knowledge of thermal
damage in any system affords a greater sense of control and can result in more effective

tumor de-vitalization and less damage to healthy tissues.

1.4.2 Direct Cellular Injury

Considerable knowledge has been obtained from freezing studies on isolated cells
(Mazur, 1977, 1984; McGrath et al., 1975; Smith er al. 1999). At fast rates of freezing,
heat transfer dominates. Water is trapped within cells and thermodynamic equilibrium is
attained by intracellular ice formation (IIF), which is generally lethal (Mazur, 1984).
This type of damage is considered to be primarily due to mechanical forces on
membranes and organelles. At slow rates of freezing mass transfer dominates, the cell
becomes severely dehydrated and the cells are exposed to high solute concentrations for
extended periods at relatively high subzero temperatures. This can cause both chemical
and mechanical membrane stress (McGrath, 1993). Mazur (1984) has referred to this
phenomenon as the two-factor hypothesis; viability as a function of cooling rate is
described as an inverted-U-shape, representing a fairly universal trend to low viability at

the extremes of freezing rates.
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For slow cooling rates, the immediate effect of temperatures lower than 0 °C is
the formation of ice crystals in the extracellular space and microvasculature (Rubinsky
and Pegg, 1988). As liquid water is converted to ice, solutes in the extracellular fluid
become concentrated, causing a decrease in chemical potential of water external to the
cell membrane. As the concentration of solutes steadily increases, water begins to leave
the cell to osmotically equilibrate this imbalance. During this slow freezing process cells
are exposed to progressively damaging hyperosmotic conditions. There have been
numerous observations made and mechanisms proposed to explain the nature of solutes
effect injury. Reduction of the cell volume past a critical level during slow
cooling/dehydration has been thought to be associated with a significant drop in cell
viability (Meryman, 1970). It has also been proposed that damage to or alteration of the
plasma-lemma membrane may be related to solutes injury (Gordon-Kamm and
Steponkus, 1984). Steponkus et al. (1983) indicated that an irreversible loss of
membrane material due to excessive shrinkage could result in irreversible and destructive
changes to the cell. Additionally precipitation of buffering salts can cause damaging
changes in pH (McGrath, 1993).

At fast freezing rates, the rate at which water can leave the cell cannot adequately
keep pace with the departure from osmotic equilibrium and intracellular freezing occurs
to offset the imbalance in chemical potential across the membrane (Toscano et al., 1975).
Experimentally, this formation of intracellular ice has been described as a sudden
darkening of the cell, or “flashing”. The precise nature of how IIF relates to injury is
somewhat controversial. There is disagreement as to whether the force generated by

rapid water flux in and of itself causes lethal membrane damage and then this
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permeabilization of the membrane allows intracellular ice to subsequently form
(Muldrew et al., 1990, 1994), or if the intracellular ice is indeed precipitating the cell
damage (Mazur, 1984). This can be generalized as a cause versus consequence debate.
Steponkus et al. (1983) have provided substantial evidence for the membrane rupture
hypothesis, suggesting a critical temperature at which the membrane fails. Mazur (1966)
has theorized that at a certain critical temperature the radius of ice crystals will match the
radius of aqueous pores in the infact membrane and intracellular ice will be subsequently
seeded by extra-cellular ice. During warming, re-crystallization or fusion of small non-
lethal ice crystals to form large crystals can be quite destructive (Mazur, 1977). The
more slowly these are warmed, the greater the likelihood that this type of re-
crystallization will occur. Although recognized as being an important component of the
injury, few studies investigate the thawing process with the level of detail given to the
freezing rates and minimum temperatures. Toner et al. (1990) proposed a nucleation
theory of IIF that suggests that at certain critical temperatures the plasma membrane can
change in such a way that it becomes an effective ice nucleator. An alternative theory by
Muldrew et al. (1994) suggests that membrane rupture may occur due to the osmotically
driven water efflux, consequently allowing extracellular ice to propagate into the cell.
Despite the divergence of opinion on how ice manifests intracellularly, it is generally
agreed that IIF does correlate strongly with cell injury (Toner, 1993). Figure 1.1
summarizes the physical nature of the damage that is found at the different freezing rates.

Although the aforementioned theories offer plausible explanations to describe the
two classes of injury there is still much to be learned about the mechanisms that precede

or supersede cell damage and about the primary sites of injury.
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Figure 1.1  Location and size of ice crystals at different freezing rates. Images in this
dissertation are presented in color.

143 Secondary Injury

Frostbite research has contributed significantly to the understanding of how the

1 dq

mic; to freezing (Sjostrom er al., 1964; Reite, 1965; Weatherly-

White ef al., 1964, 1969; Snider ef al., 1975; Waris and Kyosala, 1982; Marzella ef al.,
1989; Manson et al, 1991; Bourne et al, 1986). A common problem with
comprehensively interpreting the results of these studies is the absence of thermal control
and monitoring of the freezing process during the experiments. Oftentimes the
temperature of one discrete point in the tissue was monitored and data then generalized to
characterize the entirety of the frostbite injury. A number of the experimental techniques
relied on immersion of extremities in liquids of varying sub-zero temperatures to create
injury (e.g. Sjostrom et al., 1964, Weatherly-White et al., 1964, 1969; Manson et al.,

1991), with temperature histories in the actual tissue not documented.
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In addition to the preponderance of data available from frostbite studies,
investigations into the effects of lower temperatures and faster freezing rates
characteristic of cryosurgery procedures have also been performed. Zacarian et al.
(1970) and Rabb et al. (1974) have utilized liquid-nitrogen cooled copper probes to
directly examine the effects of cryogenic temperatures on microcirculation in the hamster
cheek pouch. More recent efforts by Schuder e al. (1999) and Hoffman et al. (1999,
2001b) have begun to explore micro-vascular changes in response to cryosurgically
relevant freezing in rat models.

These different experimental approaches to understanding the effects of freezing
on the micro-vasculature has resulted in the emergence of a general pattern of vascular
freezing injury. As the tissue is cooled, the initial thermoregulatory physiologic response
is increased blood flow to the tissue (Weatherley-White, 1969), termed the “rewarming”
response. With sustained cooling the biological system begins to lose its protective
function, and blood flow to the cooled site is reduced. When the phase change
temperature is reached, the tissue begins to freeze first in the extra-cellular space
(Rubinsky et al., 1987, 1988, 1990). Circulatory stasis occurs in the affected tissue.
Vascular distention has been observed both in frozen section (<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>