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Summary

Clinical applications of hypothermia range from ex vivo storage
of cells, tissues and organs for transplantation or cell-based
therapies to in vivo protection of a patient during complex sur-
geries that might entail circulatory and/or cardiac arrest. The in-
tent of this brief review is to outline the essential principles of
hypothermia applied in the preservation of cells for a multitude
of clinical purposes. The focus will be confined to our ability as
interventionalists to control the environment of cells to optimize
hypothermic preservation. More specifically, this review will
summarize the design principles of hypothermic blood substi-
tutes (HBS) defined as preservation solutions for protection of
cells, tissues and organs during a hypothermic preservation in-
terval. In contrast to the types of solutions that have been used
historically as hemodiluents for clinical hypothermia, i.e. nor-
mal physiologically balanced salt solutions, our approach has
been to design aqueous blood substitutes that embody many of
the principles now identified as contributory and important for
optimal ex vivo organ preservation. The working hypothesis
that we have addressed using a variety of pre-clinical large ani-
mal models is that acellular solutions can be designed to act as
universal tissue preservation solutions during several hours of
hypothermic whole-body washout involving cardiac arrest, with
or without circulatory arrest. On this basis, two new types of so-
lutions, designated ‘Purge’ and ‘Maintenance’ HBS, have been
formulated and evaluated to fulfill separate requirements dur-
ing the asanguineous procedure. The evidence supporting this
concept is reviewed in the context of imminent clinical trials to
apply this novel technique for the preservation and resuscita-
tion of trauma victims suffering hemorrhagic shock.

Schliisselworter
Hypothermie - Konservierung - Ischamie - Blutersatz -
Hamorrhagischer Schock

Zusammenfassung

Klinische Anwendungen der Hypothermie erstrecken sich von
der Ex-vivo-Lagerung von Zellen, Geweben und Organen zur
Transplantation tber zellbasierte Therapieformen bis zum In-
vivo-Schutz des Patienten wahrend komplexer chirurgischer
Eingriffe, die einen zirkulatorischen oder kardialen Stillstand
beinhalten kénnen. Diese kurze Ubersichtsarbeit versucht, die
essentiellen Prinzipien der Hypothermie darzustellen, wie sie
zur Konservierung von Zellen fiir eine Vielzahl von klinischen
Zwecken eingesetzt werden. Der Fokus liegt dabei auf unserer
Fahigkeit als «Interventionalisten», die Umgebung der Zellen
fiir die hypotherme Konservierung zu optimieren. Insbesondere
fasst diese Ubersichtsarbeit die Prinzipien des «Designs» von
hypothermen Blutersatzstoffen (HBS) zusammen, die als Kon-
servierungslosungen zum Schutz von Zellen, Geweben und Or-
ganen wahrend der hypothermen Konservierungsphase ge-
dacht sind. Im Gegensatz zu solchen Losungen, die historisch
zur Hamodilution bei der klinischen Hypothermie eingesetzt
wurden, d.h. normale ausbalancierte physiologische Salzlosun-
gen, ist es unser Ansatz, solche Blutersatzlosungen zu entwer-
fen, die viele der Prinzipien beriicksichtigen, die heute fir unter-
stitzend und bedeutsam fiir die Ex-vivo-Organkonservierung
gehalten werden. Die Arbeitshypothese, derer wir uns bei einer
Vielzahl von praklinischen Modellen mit GroRtieren bedient
haben, war, zellfreie Losungen zu entwerfen, die als universelle
Konservierungslosungen wahrend der einige Stunden dauern-
den Ganzkorper-«wash out»-Phase bei Herzstillstand, mit oder
ohne zirkulatorischen Stillstand, dienen kénnen. Auf dieser
Basis haben wir zwei neue Arten von HBS-Lésungen fir
«Purge» (Auswaschen) und «Maintenance» (Aufrechterhaltung)
geschaffen und untersucht, die den unterschiedlichen Anforde-
rungen wahrend der blutlosen Phase gerecht werden. Das, was
dieses Konzept unterstitzt, wird im Zusammenhang mit bevor-
stehenden klinischen Studien erortert, bei denen diese neue
Technik zur Konservierung und Fllssigkeitsversorgung von
Traumapatienten mit hamorrhagischem Schock angewendet
werden soll.
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Introduction

The fundamental principle of cellular preservation for clinical
application is to minimize the deleterious effects of ischemia
and anoxia during the preservation interval. This can either
be achieved pharmacologically by using a wide variety of cyto-
protective drugs and/or by reducing temperature. Interesting-
ly, conventional wisdom teaches us that there is no single drug,
or cocktail of drugs, that can so safely and effectively suppress
metabolism and provide ischemic protection for multiple tis-
sues and organs as the application of hypothermia can. Hence,
the intent of this brief review is to outline the essential princi-
ples of hypothermia applied in the preservation of cells for a
multitude of clinical purposes. This is a comprehensive topic
that cannot be covered adequately in a brief article, and the
reader will be referred to supplementary recent reviews for
more detail. Here the focus will be confined to our ability as
interventionalists to control the environment of cells to opti-
mize hypothermic preservation. More specifically, this review
will summarize the design principles of hypothermic blood
substitutes defined as preservation solutions for protection of
cells, tissues and organs.

Clinical applications of hypothermia range from ex vivo stor-
age of cells, tissues and organs for transplantation or cell-based
therapies to in vivo protection of a patient during complex
surgeries that might entail circulatory and/or cardiac arrest [1,
2]. The latter is a very specialized area of current research that
is regarded as the only feasible approach to safely extend the
window of opportunity available to surgeons who need more
time to perform complex, corrective and life-saving operations;
notably on the heart and brain. Many of these complicated
time consuming procedures have the inherent need for tempo-
rary cessation of blood flow and have demanded protection of
the different organs of the body, especially the brain, against
the deleterious effects of ischemia and anoxia.

With this background in mind, the objective here is to review
for an audience interested in transfusion medicine the current
principles of hypothermic blood substitution as a basis for cel-
lular protection in isolated organs as well as the whole body.

The Clinical Perspective and Problem - Need for
Bloodless Surgery

Today, surgeons have developed skills that allow very com-
plex, corrective and life-saving operations to be performed,;
notably on the heart and brain. Many of these complicated
time consuming procedures have the inherent need for tem-
porary cessation of blood flow and have demanded protec-
tion of the different organs of the body, especially the brain,
against the deleterious effects of ischemia and anoxia. Com-
mon examples of such operations include open-heart surgery,
especially in infants to repair congenital cardiac defects;
neurosurgical problems in adults, such as giant cerebral
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aneurysms and other vascular lesions; resection of tumors as-
sociated with major blood vessels; and surgical repair of
aneurysms of the aortic arch. Because of their high metabolic
demand requiring large amounts of oxygen and glucose, the
central nervous system and myocardium are especially vul-
nerable to the rapid onset of ischemic injury, and hypother-
mia is frequently used as an adjunctive technique for surgical
procedures that require a period of circulatory and/or cardiac
arrest.

It has been known for centuries that the application of cold
can be protective [3], and potential clinical benefits of hy-
pothermia in the 20th century were recognized as early as 1939
when it was demonstrated that surface cooling of an ischemic
limb in rats improved overall survival [4]. However, it was not
until the introduction of cardiopulmonary bypass (CPB) in the
early 1950s that hypothermia became widely used clinically [9,
6]. Lowering the temperature of a euthermic subject to a tem-
perature below that normally maintained by homeostasis re-
duces the metabolic rate and hence the demand for oxygen
and substrates by the tissues. On this basis, many modern day
surgical procedures, particularly in the areas of cardiovascular
surgery, neurosurgery, and sometimes in trauma, rely on some
degree of imposed or regulated hypothermia as a relatively
safe modality for effecting biologic protection during circulato-
ry and/or cardiac arrest [1]. Nevertheless, total body hypother-
mic protection, or ‘clinical suspended animation’, remains time
limited by the tolerance of those tissues most sensitive to an is-
chemic insult, even at reduced temperatures. Currently, the ac-
cepted safe limits of cardiac arrest are less then 60 min at tem-
peratures no lower than 16-18 °C. It is well established that ex-
ceeding these limits markedly increases the risks of clinical se-
quelae, especially neurological complications in patients
[7-10]. This imposes severe time constraints for a variety of
surgical procedures that are otherwise technically feasible, and
it remains a major goal for surgeons to extend the safe limits of
hypothermic arrest beyond the present 1 h limit. Our experi-
mental approach which, in a significant departure from tech-
niques that rely upon moderate to deep hypothermia and he-
modilution, employs ultraprofound hypothermia and blood
substitution (UHBS) is described below.

Basics of Cellular Hypothermia

At the cellular level, the fundamental basis of hypothermic
protection is the effect of temperature on reaction rates which,
according to Arrhenius’ theory, are generally slowed by a re-
duction in temperature. Since the processes of deterioration
associated with ischemia and anoxia are mediated by chemical
reactions, it has proved well founded to attempt to prevent or
attenuate these changes by applying hypothermia. Although
our knowledge of the mechanisms of ischemic injury is far
from complete, there is a considerable degree of understand-
ing of the cascade of events that is initiated by oxygen depri-
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vation. These deleterious changes begin with early onset bio-
chemical events arising from the immediate depletion of high
energy reserves (adenosine triphosphate (ATP) and creatine
phosphate (CP)) and membrane depolarization, and culminat-
ing in structural changes and eventually cell death. Whilst hy-
pothermia is known to influence reaction rates, energy metab-
olism, active ion transport and ion homeostasis, membrane
fluidity and function, and the secretion of hormones and neu-
rotoxins, the effects are not exclusively beneficial, and harmful
effects of hypothermia have to be ‘weighed in the balance’. At
the systemic level the theoretical basis for protecting the brain
and vital organs during ischemia and hypoxia relies principally
upon the effect of temperature reduction upon metabolism
and oxygen demand.

The Cell in Relation to Its Environment and the Essential Role
of the Circulation

Within the body, the extracellular fluid bathing cells is main-
tained within closely regulated limits by a variety of control
mechanisms, and cells maintain a different, but even more
constant intracellular milieu. Cells are able to maintain a sta-
ble internal environment very different from that which sur-
rounds them by means of their membrane pumps, such that
inhibition of these ionic pumps by substrate deprivation, cool-
ing, or poisoning leads initially to reversible perturbations of
cellular homeostasis such as ionic balances and hydration.
Eventually, these processes become irreversible and perma-
nent injury is sustained.

In considering the fundamental processes of normal cellular
function and homeostasis as a prelude to discussing the nature
of ischemic injury and its prevention, it is important to em-
phasize the essential role of the circulation. The well known
basics of how a cell is sustained for normal function and the
composition and regulation of the interstitial fluid are impor-
tant functions of the circulation. Other essential functions in-
clude the provision of an internal heat transfer system that
closely regulates the temperature of tissues and organs. The
circulation transports metabolites of which the fuels for respi-
ration (glucose, fatty acids, and ketone bodies) are most im-
portant in the short term. For most tissues, respiration is pre-
dominantly aerobic with high demands for oxygen (e.g. 300 ml
O; per min/g dry weight of kidney renal cortex). The solubility
of oxygen in tissue fluid is only about 24 ml/kg such that inhi-
bition of aerobic energy production is very rapid following the
onset of ischemia. Other necessary metabolites, besides those
required for energy production, including amino acids, vita-
mins, glutathione, coenzymes and many other factors, are also
supplied to cells via the circulation. The catabolic products of
cellular metabolism are removed by the vascular system. In
light of the crucial role of the circulation in sustaining the nor-
mal environment and metabolic needs of cells, it is possible to
appreciate the devastating consequences of a disruption to the
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vascular supply of a tissue or organ. A brief consideration will
now be given to the effects of ischemia as a preface to a dis-
cussion of the positive and negative aspects of hypothermia as
a protective modality against ischemic injury.

Hypothermia in Relation to Ischemic Events

A great deal is known about the effects of cold on cells since
cooling has proved to be the foundation of nearly all effective
methods of protecting and preserving cells and tissues for ap-
plications such as transplantation. Transplantation science
calls for effective methods of preservation since it is unavoid-
able that donor cells, tissues and organs are required to with-
stand a period of ischemia and hypoxia as part of any trans-
plantation procedure when the blood supply is temporarily in-
terrupted. The basis of this hypothermic protection is that
cooling can help to combat the deleterious effects of ischemia,
but the consequences of cooling are not exclusively beneficial
such that hypothermic storage is a compromise between the
benefits and detriments of cooling [2, 11, 12]. In this account a
brief summary of the detrimental effects only of hypothermic
stress on cells will be outlined. A more complete account of
the biology of cell survival in the cold has recently been pub-
lished elsewhere [2].

General Suppression of Reaction Rates

The fundamental basis of all biologic and chemical processes
is molecular activity and mobility, which are governed by ther-
mal energy, such that as temperature is lowered molecular
motion is slowed. The removal of heat from a system slows
down both physical and chemical processes in proportion to
the loss of heat and therefore to the fall in temperature. Since
the processes of deterioration associated with ischemia and
anoxia are mediated by chemical reactions, it has proved well
founded to attempt to prevent or attenuate these changes by
cooling. Biochemical processes involve molecular interactions
that are invariably catalyzed by enzymes in reactions that re-
quire energy input from cellular stores such as ATP or CP.
Cooling can affect all components of these reactions, including
the energy status of the substrate molecules, the stability of
the enzyme protein, and the capacity of the cell to supply bio-
logical energy. The rate of biophysical processes such as diffu-
sion of ions and osmosis declines linearly with temperature by
approximately 3% per 10 °C. It is apparent, therefore, that
biophysical events are relatively little affected by the compar-
atively modest temperature changes imposed during hy-
pothermic storage of tissues for transplantation. It is only at
much lower temperatures that the rates of biophysical
processes become significantly important, especially at sub
zero temperatures when phase changes lead to both ice for-
mation and solute concentration changes.
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By comparison, the rate of chemical reactions, including the
biochemical processes that constitute metabolic activity, is
slowed significantly more by a given degree of hypothermic
exposure. It is well established that within the temperature
range 0—42 °C oxygen consumption in tissues decreases by at
least 50% for each 10 °C fall in temperature. The quantitative
relationship between energy requirements for biochemical
processes and temperature changes have been expressed
mathematically in different ways:

i) The Arrhenius relationship: Biochemical processes, in
common with all chemical reactions, occur only between
activated molecules the proportion of which in a given sys-
tem is given by the Boltzman expression exp(-E/RT)
where E is the activation energy, R is the gas constant and
T is the absolute temperature. According to the Arrhenius
relationship, the logarithm of the reaction rate (k), is in-
versely proportional to the reciprocal of the absolute tem-
perature:

-logk = A (-E/23 RT) ().

A graphical plot of log k against 1/T will yield a straight
line with a slope of E/2.3R if the relationship represents a
single rate-limiting step.

ii) Van’t Hoff rule relates the logarithm of a chemical reaction
rate directly to temperature and is commonly expressed in
the form of the respiratory quotient or temperature coeffi-
cient, Q1o, where Qyo is the ratio of reaction rates at two
temperatures separated by 10 °C:

Q1o = (Ky/K1) 10(T2-T1) 2).

For most reactions of biological interest Qi has a value
between 2 and 3, but some complex, energy-dependent re-
actions have a Q1o between 4 and 6, and are more likely to
stop completely at low temperatures. Both Q1o and Arrhe-
nius plots have been used to quantitate changes in meta-
bolic processes occurring in biologic systems, whether they
are enzyme reactions in single cells or the oxygen con-
sumption of the entire human body. The Q1o for whole-
body oxygen consumption is approximately 2 indicating
that, in general, metabolic rate is halved for each 10 °C
drop in temperature.

Metabolic Uncoupling

While it is clear that cooling has a profound effect upon bio-
chemical reaction rates and that this in turn can slow degrada-
tive processes and reduce the rate of substrate and energy de-
pletion, it is important to realize that not all reaction rates are
affected to the same degree, or even in the same manner, by
cooling. One hypothesis of chilling injury states that at a cer-
tain critical temperature within the chilling injury range, the
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membrane lipids undergo a transition from a liquid-crystalline
to a solid gel state. The two main consequences of the transi-
tion thought to eventually result in cell injury are an increase
in membrane permeability and an increase in the activation
energy of membrane bound enzymes such as those controlling
respiration in mitochondria. Thus, the result would be the ac-
cumulation or depletion of metabolites at the point of entry
into mitochondria. Hence, the membrane phase transitions in
subcellular membranes could cause metabolic imbalance and
provide one component of injury sustained by homeothermic
cells during cold exposure.

There are a very large number of different, integrated chemi-
cal reactions that constitute common metabolic pathways
within a cell. Each of these reactions will be affected in a dif-
ferent manner and to a different degree by cooling such that
the possibility exists for uncoupling reaction pathways and
producing harmful consequences. In preservation, cooling
prolongs in vitro survival because it slows metabolism, reduces
the demand for oxygen and other metabolites, and conserves
chemical energy. However, it does not affect all reactions to
the same extent, and the net result of cooling on an integrated,
metabolizing system is complex, not entirely predictable, and
not completely understood.

Studies of the effects of pure hypothermia on cell viability in
the absence of any prior hypoxia have shown that the inacti-
vation (killing) rates of cells exposed to reduced temperatures
changes slope at approximately 7-8 °C implying that there are
distinct mechanisms of hypothermic inactivation above and
below this transition temperature. These values have been in-
terpreted to suggest that unbalanced metabolism is probably
the rate limiting step for hypothermic inactivation in the high-
er temperature range (8-25 °C), and membrane lipid phase
transition or cold denaturation of a critical protein is likely to
be responsible for the strong temperature dependence in the
lower range (<8 °C).

Effect upon Energy Metabolism

Under normal circumstances the supply of energy-rich com-
pounds to fuel a cell’s requirement for homeostatic control is
continuously replenished by oxidative phosphorylation in the
mitochondria. During cooling however, there is a progressive
exhaustion of chemical energy reserves in a cell despite the
general suppressive effect of cooling on metabolism. The ef-
fect of cooling on metabolism is complex and should not be
regarded as causing a simple uniform retardation of all bio-
chemical reactions. For example, the complexity of low tem-
perature effects on mitochondrial respiration is not limited to
the impairment of translocase enzymes. It has been shown
that other enzymes that control reactions of the tricarboxylic
acid cycle and the electron transport chain are affected differ-
ently by cold storage.
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Effect upon Ion Transport and Cell Swelling

Intracellular ionic composition and volume regulation of a cell
is maintained by a ‘pump-leak’ mechanism in which membrane
bound enzymes transport various ions and solutes to counter
the passive diffusion driven by chemical potential gradients.
These active pumps are inhibited by hypothermia both by its di-
rect effect on enzyme activity and by the depletion of high-en-
ergy reserves as mitochondrial energy transduction fails. Never-
theless, the resultant passive redistribution of ions and water
across the cell membrane and the concomitant change in the
membrane potential has been demonstrated to be rapidly and
fully reversible in the short term and may not be a source of
permanent injury. Cells are known to have inter-related cation
transport systems depending on energy supply and are thereby
affected by reduced temperatures. Moreover, it is recognized
that changes in the distribution of divalent cations (Ca*, Mg?"),
as a consequence of ischemia, hypoxia, and even cooling are es-
pecially important in cellular injury. The belief that Ca*, in par-
ticular, is a mediator of cell death is based upon accumulated
evidence over several decades from observations in a wide vari-
ety of tissues and pertains to cell death from a variety of causes.
Cytosolic Ca®* concentration is 10,000 fold lower than extracel-
lular concentrations and it is now postulated that enhanced or
unbalanced Ca?* influx across the plasma membrane represents
a final common pathway in cell death mediated by various con-
ditions that share the tendency to induce an abnormal mem-
brane permeability for Ca®". In recent years, the recognition of
the central role of Ca?* mediated effects in the death of cells of
ischemically sensitive tissues such as heart and brain has led to
intense scrutiny of the effects of perturbations in divalent cation
homeostasis. Ca** functions as a second messenger in the regu-
lation of numerous biochemical and physiological processes
often by activating regulatory proteins which, in turn, can acti-
vate many intracellular enzymes including protein kinases. It
has been proposed that the significant protective effect of mild
hypothermia against ischemic brain injury might be mediated in
part by inhibition of Ca?* induced effects and the prevention of
inactivation of important Ca?* dependent enzyme systems such
as the kinases. However, it is generally recognized that cooling
has no beneficial effect in preventing, and may even accentuate,
inhibition of the Ca?* Mg?** ATPase pump mechanism, which in
general is the most important factor in controlling intracellular
Ca?* concentrations. The effects of cooling on Ca?* homeostasis
results not only from the inhibition of transmembrane pumping,
but also from the inhibition of Ca?* sequestration by intracellu-
lar organelles, particularly the endoplasmic reticulum and mito-
chondria.

Proton Activity Changes

The principal events of the ischemic cascade shows that eleva-
tion of the concentration of protons i.e. increasing acidity is
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regarded as a contributory central event in the process of cel-
lular injury ensuing from O; deprivation and energy deple-
tion. Moreover, reduced temperatures are also known to in-
fluence pH regulation which is another important homeostatic
mechanism for cell survival. It has frequently been reported
that hydrogen ion concentration increases in a variety of
mammalian cells during hypothermic storage such that tissue
pH has been recorded to fall to 6.5-6.8 within a few hours of
cold. Acidity is widely recognized as a hazard for cells, with
the accumulation of protons contributing to a variety of dele-
terious processes including metabolic block of glycolysis and
structural damage. Destabilization of lysosomes releasing
harmful proteases and catalysis of oxidative stress by mobi-
lization of free heavy metals have been implicated as mecha-
nisms of cellular tissue injury during acidosis. A detailed ac-
count of acid-base regulation during hypothermia has recently
been discussed elsewhere [2].

Effect of Hypothermia on the Generation of Oxygen Derived
Free Radicals

The emerging role of oxygen derived free radicals (ODFR) in
tissue injury and its participation in reperfusion injury is well es-
tablished and discussed more fully in the next section relating to
vascularized tissues and organs. In essence it is recognized that
cooling increases the susceptibility of cells to produce free radi-
cals and attenuates the natural defense mechanisms by which
cells normally deal with the low level free radical production in
metabolism. Due to a lower activation energy, free radical reac-
tions are depressed less by temperature reduction than the en-
zymatic processes used to scavenge them. It is the balance be-
tween production and removal of free radicals that is crucial to
the cell such that a combination of excessive radical generation
and hindrance of normal defense mechanisms can redirect the
processes in favor of injury. There is evidence that some of the
natural defense mechanisms against free radicals become de-
pleted during cold storage and that the addition of natural phar-
macological scavengers including superoxide dismutase (SOD),
catalase or mannitol to cold storage media may improve the vi-
ability of hypothermically stored organs. It is clear, therefore,
that in tissues exposed to cold there is potential for unbalanced
free radical reactivity and elevated intracellular free Ca?* levels,
and subsequent warming and reperfusion is likely to greatly po-
tentiate these adverse events.

Structural Changes

The interrelationship between structure and function is funda-
mentally important for cellular homeostasis, which is gov-
erned by an intricate array of biochemical, physiological, and
biophysical processes. Moreover, these processes are compart-
mentalized within the cell such that the structure of biological
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membranes and the cytoskeleton are integral components of
cell viability and vitality.

The sensitivity of biological structures to temperature change
is well known, and the thermal denaturation of proteins in
particular is well documented. Thus most proteins, as well as
nucleic acids and many polysaccharides, are able to exist in
their biologically active states only within a limited tempera-
ture range that is characteristic of the macromolecule and its
environmental conditions such as ionic strength and pH.
Whilst a great deal more is known about heat denaturation of
proteins at elevated temperatures, there are well described ex-
amples of cold denaturation involving spontaneously unfold-
ing of proteins or dissociation of the multi-subunit structure
into biologically inactive species which may or may not re-
assemble on rewarming to normal temperatures.

It has been postulated on the basis of measurements in both
model systems and intact cells that a phase separation occurs
within the plane of the membrane as cooling proceeds. Such
cold induced changes in the degree of membrane fluidity ren-
ders it thermodynamically unfavorable for membrane pro-
teins to remain in the gel phase such that they may be redis-
tributed laterally into regions of low melting point lipids that
remain in the liquid crystalline phase. This process is thought
to result in packing faults due to the development of lipid-rich
and protein-rich microdomains in a membrane undergoing
phase transitions. One consequence of this could be a change
in membrane permeability and alteration in the solute barrier
function of the membrane. Phase separation of mammalian
membranes have been demonstrated at temperatures in the
region of 10 °C and below, and this correlates with the trend
towards increased permeabilities to both ions and even large
molecules such as proteins during cooling. In addition to
phase separations other forms of cold induced membrane
damage include the actual loss of membrane phospholipids,
which is intuitively more deleterious than phase changes that
may in large part be reversible.

Cold induced changes of cellular structural proteins that con-
stitute cytoskeletal components such as microtubules have
been known since the mid 1970s. This cold sensitivity appears
to be mediated by depolymerization of component polypep-
tide units and in general is readily reversible upon rewarming.
Nevertheless, the possibility exists for reassembly of the mi-
crotubules in a way that results in cellular abnormalities.

Vascular Injury during and Subsequent to Ischemia

In addition to the injury sustained by parenchymal cells, it is
now well established that ischemic organs are subject to fur-
ther modes of injury relating to vascular effects. These are
collectively referred to as the ‘no-reflow’ phenomenon and
‘reperfusion injury’, which has itself been shown to be a dis-
tinct phenomenon characterized by ultrastructural, functional,
and metabolic alterations.

Hypothermic Blood Substitution

No-Reflow Phenomenon

It is a well established concern in isolated organ preservation
for transplantation that blood flow can fail to return in an
organ that has suffered a period of ischemia [13]. Clearly, this
is of great importance in determining the fate of the trans-
planted organ, the health and viability of which depends criti-
cally upon the patency of its vascular network. Various mecha-
nisms have been proposed to account for this phenomenon,
which is also of crucial importance for the outcome of hy-
pothermically stored organs. Contributory factors include is-
chemically induced vascular collapse, osmotic swelling of vas-
cular endothelium leading to increased vascular resistance and
vessel occlusion, and erythrocyte clumping producing block-
age of capillaries and the formation of infarcts. The increased
rigidity of red cells due to ATP depletion is considered to be a
principal cause of reduced deformability and the most signifi-
cant component of the no-reflow phenomenon. Weed et al.
[14] proposed that ATP normally chelates intracellular Ca®*
and when ATP is no longer available, Ca?* binds to membrane
proteins, rendering the membrane more rigid. Additionally, it
is known that the capillaries become increasingly leaky to pro-
tein after more than 30 min of ischemia, which would lead to
loss of the onoctic pressure that retains fluid in the capillaries,
and hence to an increase in the hematocrit within the vessels.
This, in turn, would increase viscosity dramatically and lead to
stagnation [15]. No-reflow during rewarming and reintroduc-
tion of blood into cold ischemic organs is now known to in-
volve a network of complex interactions between vascular en-
dothelium, blood components, and free radicals that is re-
ferred to as reperfusion injury [16-18].

Reperfusion Injury

The concept of reperfusion injury comes from the well-known

fact that making a tissue hypoxic does not necessarily produce

injury, but after reperfusion such tissues show marked and oc-

casionally severe damage. Several possible interacting mecha-

nisms of reperfusion injury are often described [16-18] and in-

clude:

i) cell derived free radicals (the oxygen paradox),

ii) actions and products of inflammatory cells in the blood, es-
pecially neutrophils and platelets,

iii) effects of intracellular Ca?* accumulation (the calcium
paradox),

iv) loss of membrane phospholipids.

The various proposed mechanisms of reperfusion injury are

far from clear and remain under intensive investigation. While

a detailed discussion of the various seemingly disjointed hy-

potheses is beyond the scope of this article, it is appropriate

for subsequent discussion of the effects of hypothermia to

include a few salient comments regarding the role of free

radicals.

Transfus Med Hemother 2007;34:226-244 231



During the past two decades, ODFR have been the focus of
attention as mediators of various tissue injuries and particu-
larly microvascular injury [17, 19]. A free radical is a molecule
with an odd, unpaired electron in its outer shell (denoted by a
dot, thus R*®) and this chemically ‘unsatisfied’ electron renders
the molecule highly unstable and reactive. Free radicals are
inherently damaging since this high reactivity can precipitate
chain reactions that produce increasingly reactive and toxic
free radicals. Reactive species derived from oxygen are gener-
ated because oxygen normally undergoes tetravalent reduc-
tion to water by accepting four electrons simultaneously in the
mitochondrial cytochrome oxidase system. However, as much
as 2% of cellular oxygen undergoes univalent reduction, ac-
cepting one electron at a time and creating a superoxide anion
(02~ *), hydrogen peroxide, and eventually a hydroxyl free
radical (OH"):

O2 ¢ 027- e +2H" HZOZ e + HT H20+OH. (3)

The hydroxyl free radical is the most reactive of all and will
oxidize any organic molecule almost instantaneously. The
small quantities of free oxygen radicals produced during a
cell’s normal metabolism are detoxified by the enzyme SOD:

0, +0, "+2H"—® ,H,0,+0, (4).

This protective enzyme occurs in all aerobic tissue but is found
in substantial quantities only inside the cell. ODFR are also
detoxified by the naturally occurring enzymes catalase and
peroxidase. During ischemia, the production of hypoxanthine
is greatly increased as a result of the catabolism of ATP. In the
absence of oxygen, the enzyme xanthine dehydrogenase (XD)
is converted to xanthine oxidase (XO), which converts hypo-
xanthine to xanthine, and this reaction also involves Ca?*.
During reperfusion when the ischemic tissue is again exposed
to oxygen, xanthine oxidase catalyzes the generation of super-
oxide radicals in the following reaction:

xanthine + H,0 + 20, —% s uricacid + 20, * +2H" 5).

In tissues such as the myocardium, defense mechanisms
against superoxide mediated ischemic injury are well devel-
oped in the form of scavenging enzymes. These may be an-
tioxidants, such as glutathione peroxidase and catalase, or
chain breaking antioxidants, such as SOD, ascorbate (vitamin
C), and a-tocopherol (from vitamin E). The emerging role of
ODFR in ischemic injury has raised the question as to
whether or not injury ascribed to ischemia is in fact reperfu-
sion injury that is initiated by ischemia, but precipitated by
reperfusion. This has led to the concept of scavenging free
radicals both during ischemia and reperfusion. Hence, the role
of drugs like allopurinol, which inhibits XO in preventing su-
peroxide mediated injury is readily apparent. Also, com-
pounds that chelate those transition metals such as iron which
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are known to catalyze the formation of free radicals and
thereby contribute to tissue injury by initiating and propogat-
ing lipid peroxidation, have been shown to ameliorate tissue
damage [20]. For example, desferroxamine inhibits the Haber-
Weiss reaction or more efficiently Fenton reaction in which
highly reactive hydroxyl radicals are generated when H>O» ac-
cepts an electron from a reduced metal ion such as Fe?* [19].

The end result of prolonged ischemia is cell death mediated by
the mechanisms outlined above which characterize the
process of necrosis, or pathological cell death. An alternative
mode of cell death involving a programmed or regulated
process involving de novo gene transcription and referred to
as apoptosis has become a focus of attention in recent years.

Apoptosis vs. Necrosis in Cold Induced Cell Death

Injured or dying cells exhibit characteristic changes in cell
morphology, and, as described above, the culmination of the
deleterious events comprising the ischemic cascade is charac-
terized by marked structural changes in cells and eventually
cell death. It is now known that there are two distinct ways in
which cells may die. Necrosis is caused by a general failure of
cellular homeostatic regulation following injury induced by a
variety of deleterious stimuli including hypoxia, toxins, radia-
tion and temperature changes. Apoptosis (‘programmed cell
death’) is by contrast a regulated process that has been distin-
guished from necrosis by numerous morphological biochemi-
cal and physiological differences [21, 22]. In regard to struc-
tural changes, apoptosis involves distinct morphologic features
including blebbing of the plasma membrane but not loss of in-
tegrity, cell shrinkage with the formation of apoptotic bodies,
chromatin condensation and internucleosomal DNA fragmen-
tation in a specific non-random pattern. These characteristics
are distinguishable from necrotic changes that involve degen-
erative processes such as cell and organelle swelling, rupture
of plasma and lysosomal membranes and a random pattern of
DNA degradation.

While many of the diverse stresses known to cause necrotic
cell death have also been reported to induce apoptosis in a va-
riety of cells, the role of low temperatures as a possible stimu-
lus of programmed cell death has only recently begun to
emerge [23]. The earliest reports appeared in 1990 when it was
shown that cultured mammalian fibroblast cells at the transi-
tion from logarithmic to stationary growth were killed by brief
exposures to 0 °C and rewarming to 37 °C [24]. The observed
cell killing required only a few minutes of hypothermic expo-
sure, and the affected cells exhibited characteristics of apopto-
sis. Moreover, the kinetics of cell death served to distinguish
cold induced apoptosis from the lethal effects of longer-term
cold storage (hours or day), and also showed characteristics
inconsistent with direct chilling injury (cold shock) [24]. More
recently, we have reported that apoptosis can be detected in a
significant proportion of both vascular smooth muscle and en-
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dothelial cells subjected to brief (30-120 s) cooling [25]. For
both cell types, apoptosis was not found after exposure to hy-
pothermia in the range +5 to 0 °C, but was induced at lower
temperatures, with a maximum response occurring at —10 °C
[25].

There is increasing evidence, therefore, that apoptosis may
represent another manifestation of cold injury, but clearly all
cells cannot be as susceptible as those used in the study of
Nagle et al. [24]; otherwise hypothermic preservation for prac-
tical lengths of time would not be possible, which they are.
Susceptibility to cold induced apoptosis is likely to depend
critically upon the cell growth cycle [24] and the temperature
of exposure [25]. Recent studies in cultured hepatocytes and
liver endothelial cells have indicated that reactive oxygen
species might play a key role in mediating cold induced apop-
tosis [26].

It is becoming increasingly more evident that apoptosis plays
an integral role in cell death induced by the rigors of both hy-
pothermia and cryopreservation [23, 24, 27-29]. More specifi-
cally, apoptosis has been identified to be directly associated
with delayed onset cell death (DOCD). This is defined as
death associated with cold exposure that is not apparent im-
mediately upon rewarming, but extending over the post-expo-
sure recovery period [29]. Recent research into the causative
apoptotic and necrotic pathways responsible for low tempera-
ture induced DOCD has identified the contribution of multi-
ple apoptotic pathways, including receptor and mitochondria
induced apoptosis [28, 30]. Investigations into these pathways,
their progression, and their induction stressors has begun to
facilitate new methods for improving preservation efficacy
through the modulation of the cellular and molecular respons-
es of a cell undergoing preservation (both hypothermic and
cryopreservation) [1, 23, 28, 31-34].

The culmination of the cascade of interactive ischemic events
is a tissue that is unable to resume its normal function upon
restoration of its blood supply. The sequence of injurious
processes advances at such a rate that irreversible damage is
sustained by most organs within 1 h of ischemia at 37 °C, and
at much shorter times in highly metabolic tissues such as car-
diac muscle. The role of low temperatures in protecting
against ischemic injury and providing a means for preserving
tissues has been reviewed recently [2] and is summarized
above for reference to a discussion of the applications for hy-
pothermic blood substitution in surgery that will ensue in the
remainder of this article.

Need for Profound Hypothermia and Extreme
Hemodilution or Blood Substitution

On the basis of metabolic suppression alone, it was widely rec-
ognized long ago that mild or moderate hypothermia can pro-
vide a certain limited period of whole-body protection and
that significant extension of this ‘safe’ interval of arrest (circu-

Hypothermic Blood Substitution

latory and cardiac) would require the use of lower tempera-
tures. Lower temperatures have been explored experimentally
in a rational attempt to extend the tolerated limit of hypother-
mic circulatory arrest (HCA). Profound hypothermia arrest
times of 90-120 min have been reported in dogs without evi-
dence of neurological damage, but a significant proportion of
animals died or had serious problems relating to hemorrhage,
pulmonary edema, or other detrimental events. Moreover,
early clinical use of profound hypothermia during CPB result-
ed in neurological complications even without circulatory ar-
rest [35]. Following these experiences in the early 1960s pro-
found hypothermia was not exploited clinically, and accepted
limits for HCA have remained at <60 min with temperature
no lower than 15 °C [35, 36].

The properties of hypothermia as applied to whole-body per-
fusion are not exclusively beneficial, and many of the compli-
cations manifesting after using lower temperatures are recog-
nized to be associated with various deleterious effects of
hypothermia on the blood per se. This has led to an essential
requirement for hemodilution of patients that require opera-
tions involving CPB with adjunctive hypothermia. Hypother-
mia is associated with an increase in blood viscosity that con-
tributes to red cell sludging in the microvasculature as well as
to detrimental coagulopathies [37, 38].

Clinical Hypothermia Demands Hemodilution

Attempts to counteract the deleterious effects of cold on the
blood, especially increasing viscosity that adversely effects
blood flow, have involved hemodilution of the patient during
CPB. Current CPB pump techniques employ blood dilution
with aqueous salt solutions, a process referred to as crystal-
loid hemodilution, and this results in a noticeable improve-
ment in the microcirculation over that achieved with blood
priming [39, 40]. The extent of hemodilution varies according
to the degree of hypothermia, and dilution to a hematocrit of
20-25% is common in procedures using deep hypothermia [8,
41]. In such cases, the blood is diluted by about 50% using a
variety of solutions, but the choice of diluent and the required
extent of hemodilution remains controversial [36, 39]. Experi-
mental studies have indicated that profound hemodilution is
beneficial under conditions of profound hypothermia [42, 43].
In Japan, extreme hemodilution (to 7% hematocrit) has been
reported experimentally to protect the brain for neurosurgical
operations [44], and clinically hemodilution to a hematocrit of
15% was reported to be safe for patients in a study of the ef-
fects of hemodilution on cerebral hemodynamics and oxygen
consumption [45].

Although oxygen carrying capacity is decreased with hemodi-
lution, O> delivery and microcirculatory flow is increased as a
result of the concomitant decrease in viscosity. This then com-
pensates for the demonstrated association of hypothermia
with a decrease in cerebral (and other organ) blood flow and
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Table 1. Advantages
of complete exsan-
guination and blood
substitution during

Permits use of deeper hypothermia

controlled hypo-
thermia for bloodless Avoids complications inherent in
surgery blood-based systems during

hypothermia including:

i) Provides more effective suppression of metabolism; extends tolerance to ischemia
and minimizes oxygen demand.
ii) Practical benefit — ‘buys more time’

i) Increased blood viscosity causing rheological problems and differential cooling.
ii) O dissociation from oxyhemoglobin poor <20 °C and stops at 12 °C
iii) Coagulopathies

iv) Erythrocyte clumping and blockage of the microvasculature

Permits control of the extracellular
environment directly and
intracellular indirectly for cellular
protection

events

Purging effect

Allows the design of hypothermic blood substitutes as universal tissue preservation
solutions. Acellular crystalloid/colloid solutions designed to slow down ischemic

Facilitates the wash-out of toxic endogenous or exogenous factors and shock

mediators. Protect against reperfusion injury

Circulatory arrest unnecessary

i) Avoids necessity for mandatory circulatory arrest

ii) Low-flow perfusion of dispensable fluid is tolerated and preferred
iii) Provides clear field of view for surgery

Oz delivery [46]. As temperature decreases, the binding affini-
ty between oxygen and hemoglobin increases, resulting in less
efficient release of O; at the tissue level, and the dissociation
of O, from oxyhemoglobin ceases at temperatures below 12
°C [47]. As deeper hypothermia is contemplated to extend the
tolerance to ischemia, so the demand for greater degrees of
hemodilution are needed to avoid the temperature related
complications of blood based perfusion. The ultimate extreme
of pursuing this strategy is 100% hemodilution or complete
blood substitution. This has been researched for temperatures
below 10 °C when reliance upon oxyhemoglobin to supply the
drastically reduced O> demands of the profoundly hypother-
mic tissues is futile. UHBS is the approach we have explored
by paying particular attention to the nature of the solutions
used to substitute for the blood.

Historical Basis for Hypothermic Blood Substitution

The concept of total blood removal in conjunction with hy-
pothermia is not new but prior to 1990 had not been explored
extensively. Almost without exception all of the early studies
used an extracellularly based solution and some attempted to
use a colloid or a plasma based solution [48-52]. This in relation
to the new approaches that were developed by our research
group in the early 1990s has been reviewed elsewhere [1].

The Allegheny Approach to Hypothermic Blood Substitutes
with a Focus on the Design of the Substitute Solutions

The feasibility of extending the present clinical limits of circu-
latory and/or cardiac arrest for bloodless surgery, without in-
curring unacceptable or irreversible ischemic changes, is posi-
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tively indicated both from scientific considerations and from
the historical background for the application of hypothermia
to total body preservation. Nevertheless, whilst a variety of
experimental techniques have been explored, none has justi-
fied clinical consideration since the risk of complications re-
mains too high after periods of arrest approaching 90-120
min. Throughout the history of the use of hypothermia in rela-
tion to clinical procedures, attempts to extend the acceptable
limits of cardiac arrest have focused on a variety of important
aspects of the technique [35, 53]. It is surprising, however, that
relatively little attention has been devoted to the nature and
composition of the solutions used either as hemodiluents, or
as whole-body perfusates. Logically, it has been assumed that
blood based perfusates provide the best medium for vascular
perfusion during clinical hypothermic procedures, and this is
justified by the principal requirement for continued and sub-
stantial demands for oxygen during mild or moderate hy-
pothermia (27-35 °C). However, as mentioned above, it is well
established that cooling induces detrimental changes to vari-
ous properties of the blood that are not effectively ameliorat-
ed by simple hemodilution; these include dramatic increases
in blood viscosity, coagulopathies and the deformability and
clumping of erythrocytes which contribute significantly to the
problem of multifocal blockage of the microvasculature and
formation of tissue infarcts [54].

The concept of totally removing the blood and replacing it
with a suitable acellular substitute solution is a novel ap-
proach, the feasibility of which we demonstrated in the 1990s
[34, 37, 55]. In principle, this technique could provide a num-
ber of potential benefits over and above the obvious avoid-
ance of the blood related complications. In addition to total
vascular and capillary washout, and the removal of harmful
catabolic products, blood substitution provides the opportuni-
ty to control the extracellular environment directly and the in-
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Table 2. Composition of new hypothermic

blood substitutes compared with ‘gold standard’ o Bl i Ll ol L Wit 12
organ preservation solutions (ULK) (UHK) (K~ free)
Tonic, mmol/1
Na* 100.0 30.0 100.0 62.5 147.2
K* 25.0 125.0 25.0 70.0 -
Ca* 0.5 - 0.05 0.05 1.5
Mg+ 5.0 5.0 15.0 15.0 5
Cl- 1.0 - 30.1 30.1 122.0
SO - 5.0 - - 1.0
pH buffers, mmol/1
HPO4~ 25.0 25.0 2.5 2.5 1.2
HPO4* - - - - -
HCOs~ - - 5.0 5.0 25.0
HEPES 10.0 - 35.0 35.0 25.0
Impermeants, mmol/1
Lactobionate - 100.0 30.0 30.0 -
Raffinose - 30.0 - - -
Sucrose - - 15.0 15.0 -
Mannitol 30.0 - 25.0 25.0 -
Glucose 10.0 - 5.0 5.0 5.0
Gluconate 85.0 - 70.0 70.0 -
Ribose 0.5 - - - -
Colloids
HES 5% 5% - - -
Dextran 40 - - 6% 6% 6%
Pharmacologics
Adenosine, mmol/1 - 5.0 2.0 2.0 1.0
Glutathione, mmol/1 3.0 3.0 3.0 3.0 3.0
Allopurinol, mmol/1 1.0 7.4 - - -
Dexamethasone, mg/1 - 8.0 - - -
Adenine, mmol/1 5.0 - - - -
Insulin, U/l 40.0 100.0 - - -
Osmolality, mOsm/kg - 320 350 350 315
pH (25 °C) - 7.4 7.6 7.6 7.5
[K+] [ClH] 25 0 752 2100 -

BMPS = Belzer Machine Perfusion Solution (KPS1 from Organ Recovery Systems);

UW = University of Wisconsin solution (Viaspan from Barr Laboratories);

Unisol-I (ULK) = Unisol-Intracellular Base- Low Potassium (Organ Recovery Systems);
Unisol-I (UHK) = Unisol-Intracellular Base- High Potassium (Organ Recovery Systems);
Unisol-E = Unisol-Extracellular base (Organ Recovery Systems).

tracellular milieu indirectly. Table 1 summarizes the recog-
nized advantages of complete exsanguination and blood sub-
stitution during controlled hypothermia for bloodless surgery.

New Aqueous Blood Substitutes for Brain Protection

and in situ Tissue Preservation During 3.5 h of Profound
Hypothermic Cardiac Arrest

The concept of UHBS is appealing for several reasons: Deep-
er hypothermia can provide more effective suppression of me-
tabolism, thereby extending the tolerance to ischemia and
minimizing the demand for oxygen to levels that can be ade-
quately supplied in a cold aqueous solution without the need
for special oxygen carrying molecules. Complete exsanguina-
tion ameliorates the complications associated with increased

Hypothermic Blood Substitution

viscosity, coagulopathies and erythrocyte clumping of cooled
blood. Moreover, vascular purging can remove harmful cata-
bolic products and formed elements that might participate in
the ischemic and reperfusion injury cascades. Total exsan-
guination provides the opportunity to replace the blood with a
more suitable fluid that can be designed to be protective
under conditions of ultraprofound hypothermia. Solutes can
be added to maintain ionic and osmotic balance at the cellular
and tissue levels during hypothermia. Biochemical and phar-
macological additives can help sustain tissue integrity in a va-
riety of ways, including efficient vascular flushing, membrane
stabilization, free radical scavenging and providing substrates
for the regeneration of high energy compounds during re-
warming and reperfusion.
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In essence, these are the principles that are embodied, to a
greater or lesser extent, in the design of various solutions used
for ex vivo preservation of isolated organs for transplantation
[15, 56-58].

The Organ Preservation Paradigm

During the past 30 years, developments in the field of organ
preservation have advanced to the point where isolated or-
gans can be adequately stored for variable periods depending
upon the nature of the organ: kidneys, livers and pancreases
can be preserved for days, but the clinically accepted limits for
hearts is only 6 h or less [58, 59]. Whilst the limits of tolerance
of neurological tissue to hypothermic storage has not been
firmly established, cerebral recovery after 4 h of storage at 2 +
1 °C has been reported [60, 61]. It seemed reasonable, there-
fore, on the basis of the established principles for isolated tis-
sue preservation, to attempt to develop a technique for uni-
versal preservation of all the tissues of the body during a 3-
hour period of HCA. Three hours of arrest was set as a rea-
sonable goal since there is justification for anticipating
adequate survival of those organs and tissues most sensitive to
ischemia and anoxia, i.e. heart and CNS, and 3 h would pro-
vide a generous window of opportunity for surgical interven-
tion in the most complex of cases.

In contrast to the types of solutions that have been used his-
torically as hemodiluents for clinical hypothermia, i.e. normal
physiological ‘extracellular-type’ balanced salt solutions, our
approach has been to design aqueous blood substitutes that
embody many of the principles now identified as contributory
and important for optimal organ preservation. Our working
hypothesis was that acellular solutions can be designed to act
as universal tissue preservation solutions during several hours
of hypothermic whole-body washout involving cardiac arrest,
with or without circulatory arrest. On this basis, we formulat-
ed and evaluated two new types of solutions designated
‘Purge’ and ‘Maintenance’ hypothermic blood substitutes
(HBS) that fulfill separate requirements during the asan-
guineous procedure [1, 34, 55, 62, 63]. The principal solution
(e.g. HTS/M or Unisol-I in table 2) is a hyperkalemic ‘intracel-
lular-type’ solution specifically designed to ‘maintain’ cellular
integrity during the hypothermic interval at the lowest
temperature. The second solution (e.g HTS/P or Unisol-E in
table 2) is designed to interface between the blood and
the maintenance solution during both cooling and warming
(fig. 1). This companion solution is, therefore, an ‘extracellu-
lar-type’ flush solution designed to aid in purging the circula-
tion of blood during cooling since the removal of erythrocytes
from the microvasculature is an important objective during ul-
traprofound hypothermia. The ‘purge’ solution is also de-
signed to flush the system (vasculature and CPB circuit) of
the hyperkalemic maintenance solution during warming and
possibly help to flush-out accumulated toxins and metabolic
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by-products that might promote oxidative stress and free radi-

cal injury upon reperfusion.

— ‘Intracellular-type’ solution: A preservation solution that is
typically hypertonic having a composition that is designed
to restrict the passive exchange of water and ions during
hypothermic exposure when cell membrane pumps are in-
hibited. This is achieved by raising the concentration of
potassium, and reducing sodium, to mimic that of the in-
tracellular space and thereby restrict passive fluxes of
these ions. More importantly, an ‘intracellular-type’ solu-
tion usually includes a non-permeating (impermeant)
anion to partially replace chloride ions in the extracellular
space and thereby provide osmotic support to balance the
intracellular oncotic pressure generated by macromole-
cules and their associated counter-ions locked inside the
cell (these molecules do not cross the plasma membrane
even passively due to their size and charge). Energy con-
suming pumps normally control the water content of cells,
but during hypothermia (and/or energy depletion) this
control mechanism is compromised and cells imbibe water
due to the oncotic pressure of the intracellular milieu. Cell
swelling due to this passive hydraulic flux can be inhibited
by raising the osmolality of the extracellular medium and
by incorporating an impermeant anion such as lactobion-
ate, or gluconate. Hence, these biophysical characteristics
are the basis of why such solutions have been termed ‘in-
tracellular-type’ although in truth the solutions do not
mimic the intracellular composition of the cytoplasm in
many other respects.

— ‘Extracellular-type’ solution: By contrast, this is an isotonic
solution having a plasma-like complement of ions that
mimics the normal extracellular environment of cells. Ex-
amples of this type of solution can range from simple
saline (‘extracellular’ in terms of the concentration of
NaCl and osmolality) to tissue culture media that contain a
more complete complement of ions, amino acids and other
metabolites to mimic the extracellular composition of plas-
ma and other body fluids. Such solutions are generally
poor preservation solutions at reduced temperatures prin-
cipally because they do not counteract the passive bio-
physical processes outlined above.

Based upon the principles that have emerged from isolated

organ preservation studies, an attempt was made to incorpo-

rate the important characteristics in the formulation of the hy-
pothermic blood substitute solutions, and wherever possible
components that might fulfill multiple roles were selected.

Conceptually, this strategy would maximize the intrinsic quali-

ties of the solutions that, by design as universal tissue preser-

vation solutions, would inevitably be a hybrid of other hy-
pothermic perfusates and storage media.

The composition of the new hypothermic blood substitutes is

listed in table 2, and the rationale for their formulation is de-

scribed elsewhere [1, 34, 64-66]. These solutions have been
shown to protect the brain, heart and visceral organs during
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3.5 h of cardiac arrest and global ischemia in an asanguineous
canine model during controlled profound hypothermia at
<10 °C[1, 34, 55] . More recently, this approach has been ap-
plied experimentally to animal models (porcine and canine)
of hemorrhagic shock discussed more fully below [62, 63,
67-70].

Hypothermic Blood Substitution

Pre-Clinical Models of Hypothermic Blood Substitutes
The Proof-of-Concept Allegheny Canine Model
Initial studies to evaluate the concept of using these new HBS

to effect ‘clinical suspended animation’ involving several
hours of cardiac arrest was first explored in the early 1990s at
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Fig. 2. Canine Mod-
els of Hypothermic
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with the Purge (P) solution only. Figure 2A shows the pre- and post-operative levels of total creatine kinase (CK) and figure 2B shows comparative
changes for lactate dehydrogenase (LDH). Group I survivors showed only inconsequential and transient elevations in the measured enzymes
compared with the marked and more persistent rises seen in the surviving dogs from Group II. Figure 2B shows that although serum levels of LDH
were slightly elevated compared with the mean pre-operative levels for Group I experimental dogs, at no point did the values exceed the normal
canine range (indicated by the dotted line). Figures 2C and 2D show the comparative changes in serum concentrations of the brain (CK-BB) and
heart (CK-MB) isozyme fractions of CK in dogs subjected to hemorrhagic shock plus ultraprofound hypothermia and blood substitution [UHBS]
(P/M/P) [69] compared with the previous group of control dogs subjected to UHBS only without the prior shock phase (n = 8) [34, 55].

Allegheny University of the Health Sciences in Pittsburgh [1,
34,55, 71, 72]. A brief synopsis of these studies is presented
here.

Methods

Using a dog model, we employed a technique of asanguineous
blood substitution with low flow perfusion and cardiac arrest
below 10 °C. Fourteen adult mongrel dogs were anesthetized
and cannulated to establish extracorporeal cardiac bypass. As
illustrated in figure 1, initially surface cooling was employed
and exsanguination was started at near 25 °C. In 11 dogs (ex-
perimental group, Group I) blood replacement was accom-
plished using the purge (P) solution prior to exchange with
the maintenance (M) solution. For comparison, three addi-
tional dogs (control group, Group II) were blood substituted
and perfused throughout with the purge solution only. Follow-
ing cardiac arrest, the cold solutions were continuously circu-
lated for 3 h by the extracorporeal pump (flow rate = 40-85
ml/kg/min, mean arterial blood pressure (MABP): 25-40 mm
Hg). Intraoperative monitoring included systemic arterial,
central venous pressures intracranial pressure), cerebral per-
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fusion pressure and pulmonary artery wedge blood pressures;
heart rate; ECG; urinary output; brain, esophageal, subcuta-
neous, and rectal temperatures; and pump flow rates. The cor-
responding profiles for changes in heart rate, MABP, and
hematocrit as a function of time and temperature are illustrat-
ed in figure 1. The blood or perfusate was frequently sampled
for blood gases and electrolyte analysis. At the end, the blood
substitute was drained, and rewarming was started. The ani-
mals were autotransfused, weaned from the pump, decannu-
lated, and observed for neurological, behavioral and biochem-
ical functions during and after recovery.

Results

In the experimental group (Group 1) the heart usually started
spontaneously in the temperature range 11-27 °C, and 8 ani-
mals showed rapid and full recoveries and continue to have
survived long term (14-110 weeks) without experiencing any
detectable neurological deficits. The remaining 3 animals re-
covered from the procedure but died or were sacrificed within
the first week for a variety of reasons related principally to
technical complications. These included tendencies for tissue
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enzyme profiles in
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hemorrhage in one animal, and the development of seizures,
possibly related to the site of placement of intracerebral mon-
itoring probes in another dog. None of these phenomena were
observed in the 8 long-term survivors. In the control group
(Group 1I), 2 dogs survived after extensive and aggressive car-
diac resuscitation measures. Postoperatively, they exhibited
transient motor and sensory deficits during the first week.

A wide range of biochemical and hematological parameters
were monitored on days 1, 2 and 3 and weeks 1, 2 and 3 post-
operatively in both groups. As shown in figure 2A,B, only in-
consequential and transient elevations in enzymes in the
brain, liver, muscle and heart were observed in the experi-
mental group as compared with the much greater elevations in
the control group. Immediate postoperative values (TU/I,
mean = SEM) of several enzymes in the experimental vs. the
control group are as follows:

— SGOT: 89 £ 19 vs. 734 = 540 (p = 0.005),

— SGPT: 46 £ 4 vs. 98 + 52 (p = 0.02),

— LDH: 114 + 11 vs. 490 + 209 (p = 0.0005);

and on day 1

— CK-BB: 108 + 22 vs. 617 = 154 (p = 0.002),

— CK-MB: 61 + 18 vs. 1005 + 17 (p = 0.03).

Neurological evaluation using neurological deficit scores
(NDS) was based upon a modification of the Glasgow Out-
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Week 6

pre op post op Week 1 Week 3 Week 6

come Scale: 0 = normal; 1 = minimal abnormality; 2 = weak-
ness; 3 = paralysis; 4 = coma; 5 = death [1, 69]. At postopera-
tive days 1 and 2, NDS (mean + SEM) were: 0 + 0 for the ex-
perimental group vs. 1.5 = 0.5 for the control group. At post-
operative days 3 and 7, NDS were 0 + 0 vs. 1.0 + 1.0. The
faster neurological recovery of dogs treated with the ‘intracel-
lular-type’ maintenance solution supports the biochemical
data showing the benefits of this type of HBS for providing
general tissue preservation in situ during extended periods of
cardiac arrest.

These studies clearly established that this asanguineous hy-
pothermic procedure with cardiac arrest and low flow perfu-
sion of a synthetic blood substitute can be tolerated for 3 h
and possibly more (not yet tested) without significant ischemic
injury. Deep hypothermia can provide effective suppression
of metabolism and cellular energy requirements, thereby ex-
tending the tolerance to ischemia by minimizing the demand
for oxygen to levels that can be adequately supplied in a cold
aqueous solution without the need for oxygen-carrying mole-
cules. Moreover, complete exsanguination facilitates the re-
moval of blood-borne mediators of ischemia and reperfusion
injury and permits closer control of the extracellular environ-
ment by perfusion with a solution appropriately designed for
the hypothermic conditions.
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The Case for Improved Outcome Using an ‘Intracellular-Type’
Solution for UHBS

The design of this Allegheny phase II study allowed some con-
clusions to be drawn concerning the quality of whole-body pro-
tection during hypothermic perfusion with aqueous blood sub-
stitute solutions. The combined strategic use of an ‘extracellu-
lar-type’ flush solution (HTS-P) and an ‘intracellular-type’
maintenance solution (HTS-M) not only minimized biochemi-
cal and physiological disturbances during the acute phase of
recovery but also led to a more rapid return to normalcy with
fewer neurological sequelae in the long-term survivors [34, 55].
Earlier investigators had concluded that whilst improvements
had been realized in their technique using Collins ‘intracellu-
lar’ solution, 2.5 h of circulatory arrest remained beyond the
‘safe time limits’ of hypothermic cardiac arrest [73]. In marked
contrast, we demonstrate by our approach that 3 h of cardiac
arrest is not beyond the safe limit when a procedure that
maintains low flow perfusion of an appropriate whole-body
wash-out solution is employed. The tolerance to total circula-
tory arrest was not tested in our model but we contend that by
using a bloodless system the necessity for absolute circulatory
arrest is circumvented. Moreover, there is a growing body of
evidence that, even in a hemodiluted blood-based system,
low-flow perfusion is superior to circulatory arrest resulting in
less complications [74-76]. Comparisons of our reported find-
ings with those reported by others, e.g. Kondo et al. [73], and
even comparisons between the two groups within the Alleghe-
ny model study, clearly demonstrate a striking improvement in
the quality and speed of recovery of animals resuscitated after
low-flow hypothermic perfusion with the ‘intracellular-type’
HBS maintenance solution.

Application of HBS to Resuscitation after Hemorrhagic Shock

One of the conceivable prospective clinical applications of
HBS might be as a life-saving adjunctive technique for surgi-
cal interventions in trauma and resuscitation medicine. In
their erudite exposition that focuses on research initiatives,
Safar and colleagues [77, 78] emphasized the future role of hy-
pothermia in recovering patients from hemorrhagic injuries.
Whilst hypothermia is a well established modality for protec-
tion and preservation when applied before or during an is-
chemic insult (e.g. during elective surgery), its value for resus-
citation when applied after an ischemic event is less well un-
derstood. Early research in this area was focused on military
needs to address the loss of combat soldiers who died from
seemingly hopeless exsanguinating injuries [79, 80]. Clinical
suspended animation implemented by using deep hypother-
mia was conceived as a potential solution in combat casualty
care even though it was not until the last decade that such an
aggressive and innovative technique was envisioned for use in
civilian trauma cases [1, 65, 69, 78, 81, 82].
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Future Clinical Scenarios
Clinical Suspended Animation — a Matter of Definition

In the context of combat casualty care, Safar’s group [80] has
chosen to define suspended animation in terms of circulatory
arrest emphasizing stasis or no-flow as a critical component in
addition to definitive cardiac arrest. However, in the special
circumstance of hypothermic blood replacement that we have
proposed as an alternative approach, we choose to extend the
definition to include low-flow perfusion of synthetic blood
substitutes under hypothermic conditions of cardiac arrest.
We have outlined above the multifaceted advantages of com-
plete exsanguination and blood substitution during controlled
hypothermia for bloodless surgery [1, 69] (table 1). In practice,
this approach avoids the necessity for mandatory circulatory
arrest since low-flow perfusion of a dispensable fluid is toler-
ated and preferable. Under circumstances where CPB can be
initiated, either in an elective operating room setting or by
portable devices in an emergency situation such as combat ca-
sualty care, we define protection/preservation of the patient or
trauma victim during lengthy periods of cardiac arrest, as
‘clinical suspended animation’. A more acceptable term that
describes the whole-body paralysis during hypothermic perfu-
sion is ‘corporoplegia‘ (used to define an asanguineous solu-
tion infused through the circulation during a period of global
ischemia to minimize the deleterious effects of ischemia and
subsequent reperfusion); this is consistent with the widely
used terms for perfusion preservation of the heart (cardiople-
gia) and brain (cerebroplegia).

Recently, Alam [83] has reviewed all aspects of fluid resuscita-
tion in the treatment of hemorrhagic shock for both military
and civilian scenarios. Strategies to maintain cerebral and car-
diac viability long enough to gain control of hemorrhage and
restore vascular volume could be life-saving. It is now recog-
nized that this requires an entirely new approach to the prob-
lem, with emphasis on rapid total body preservation, repair of
injuries during metabolic arrest, and controlled resuscitation —
so-called EPR (emergency preservation and resuscitation)
[83].

The feasibility of using UHBS as a new approach to enable re-
suscitation after hemorrhagic shock was also demonstrated in
the mid-1990s using the Allegheny experimental model [69,
84]. The objective of that study was to evaluate the feasibility
of UHBS and the new HBS solution as a protective modality
after hemorrhagic shock and as a potential life-saving tech-
nique to facilitate surgical repair of intractable trauma cases.
The study utilized our established canine model to compare
the outcome with that reported previously and described
above for dogs subjected to UHBS without the prior nor-
mothermic shock phase [34, 55].

The study was designed to imitate a clinical situation in which
a trauma victim in shock responds initially to resuscitation
(i.e. fluids, blood, manual compression of the bleeding site or
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clamping of the aorta) but is found to have an inaccessible
injury (e.g. retrohepatic or suprahepatic venous injury). The
scenario is that the initial resuscitation would enable the sur-
gical team to safely cannulate and gradually cool the patient
in preparation for definitive surgery. This study examined the
outcome of a group of adult mongrel dogs subjected to hy-
pothermic shock, short-term fluid resuscitation and UHBS
for 2 h [69]. Our established canine model involving closed-
chest CPB was adapted to allow Wiggers-type controlled nor-
mothermic hemorrhagic shock (MABP < 50mm Hg) for 30
min, followed by a brief (10 min) resuscitation by infusion of
fluids (crystalloids (Ringer’s Lactate) and autologous blood).
Both the extent of shock and its reversal in terms of cerebral
blood flow were monitored using a transcranial Doppler
technique. In each dog, the heart started spontaneously be-
tween 20-25 °C, at which point ventilation was restarted. All
8 dogs survived, all but one with complete neurological re-
covery. Blood chemistry samples examined immediately after
the procedure showed significant differences (p < 0.05) in
only a few parameters such as CK (CK-BB and CK-MB; fig.
2C,D) compared with the previous group of control dogs re-
flecting the additional hypotensive insult. Figure 2C,D shows
that these serological markers also normalized to baseline
levels within 3-7 days, showing that there was no long-term
organ dysfunction.

The neurological recovery indices and pathology in this se-
ries suggests a more consistent outcome was achieved in dogs
that underwent UHBS with continuous low-flow perfusion.
This is consistent with many recent clinical and experimental
studies showing improved neurological outcome when low-
flow hypothermic techniques are compared with similar pro-
cedures relying on circulatory arrest [10, 74-76, 85].

In other studies using their canine stasis model our collabora-
tors at the University of Pittsburgh introduced the use of cold
aortic saline flush at the start of cardiac arrest to rapidly in-
duce protective hypothermia during prolonged cardiac arrest
(120 min) for hemostasis followed by resuscitation [67, 68, 78].
These studies showed that a saline flush to a brain tempera-
ture of 10 °C resulted in normal survival after 90 min, but not
consistently after cardiac arrest = 120 min. However, an addi-
tional study in which Unisol® (Organ Recovery Systems,
Charleston, SC, USA) plus the antioxidant Tempol were eval-
uated as a comparative ‘optimized flush’, showed a markedly
improved outcome (physiological, neurological and brain his-
tology) after 120-min cardiac arrest compared with the saline
flush [67, 68, 78].

Recent Advances Using a Pre-Clinical Porcine Hemorrhagic
Shock Model

To date, there have been no clinical studies to test the thera-
peutic benefits of hypothermia in trauma patients. However,
well-designed preclinical studies clearly support the concept
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as outlined in the preceding sections. Although the proof-of-
concept studies are exciting, Alam [83] has recently pointed
out that the clinical relevance of these studies was limited by
pressure-controlled models of hemorrhagic shock, an absence
of major injuries, and lack of surgical interventions. Attempts
were therefore made to establish a more relevant, clinically
realistic model using the pig. The first stage was to demon-
strate that profound hypothermia could be induced through
an emergency thoracotomy approach in an animal previously
subjected to lethal vascular injuries and soft tissue trauma.
This was achieved using a HBS (Unisol) with excellent long-
term survival and no neurological damage or significant
organ dysfunction [63] (fig. 2). In a follow-up study, Alam et
al. [62] established that lethal vascular injuries, above and
below the diaphragm, can be repaired under hypothermic
cardiac arrest with >75% long-term survival. More impor-
tantly, they showed that profound hypothermia could be used
successfully, even after 60 min of normothermic shock, and
that the surviving animals were not only neurologically intact
but also had normal cognitive functions. Subsequent studies
showed that the best outcomes were achieved using rapid in-
duction of hypothermia (2 °C/min) and a slower rate of rever-
sal (0.5 °C/min warming) [70, 86]. Moreover, these studies
using Unisol solutions for implementing HBS demonstrated
the preservation of various cell types in the central nervous
system, in addition to providing some immunological advan-
tages [87, 88]. The optimum degree of hypothermic arrest
using this preclinical model was also found to be 10 °C, with
lower temperatures resulting in worse survival outcomes [89].
This corroborates earlier findings using first-generation HBS
solutions in the canine Allegheny model in which survival pa-
rameters were significantly better in dogs cooled to a nadir
temperature of 7.4 °C compared with a group of dogs cooled
to 1.4 °C [1]. Figure 2 illustrates serological markers of tissue
enzyme profiles in a variety of published hemorrhagic shock
models showing a transient elevation during the immediate
postoperative period that returns to preoperative baseline
values within 3-7 days. A substantial body of evidence is be-
ginning to emerge supporting the notion that HBS is a highly
effective modality for corporoplegia with excellent total body
preservation. Parenthetically, we have suggested recently that
beyond the obvious applications for surgical intervention, in-
cluding treatment of traumatic injuries, this approach could
be implemented for preserving organs in situ prior to harvest-
ing for transplantation [90, 91]. The overwhelming conclusion
from these preclinical models of HBS in the treatment of
exsanguinating hemorrhagic shock is that the scientific basis
and expertise to preserve the viability of key organs and tis-
sues during repair of otherwise lethal injuries now exists. This
has provided the basis for current discussions aimed at de-
signing a feasibility clinical trial to obtained translational data
that might justify a wider application of this approach to trau-
ma practice [83].
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The Next Step towards Clinical Trial

The future application of HBS for corporoplegia in trauma
and EPR demands consideration of a variety of important
variables in this multifaceted protocol. Some of the key issues,
including the rates of cooling and warming, the optimum tem-
perature and the type of solution, have been addressed and
summarized in the preceding section. In the context of this ar-
ticle, the choice of solution used to effect cooling during EPR
is clearly one of the principal considerations that can undoubt-
edly have a profound impact on outcome and in light of the
available preclinical data must be given careful consideration.
For example, the choice of whether to embark upon feasibility
clinical trials using new HBS solutions such as the Unisol fam-
ily of solutions used in preclinical models, or using more con-
ventional fluids such as saline presents some debatable issues.
On a scientific basis alone, there is little doubt that, just as in
the field of ex vivo organ preservation, new ‘intracellular-type’
synthetic solutions provide a more appropriate platform for
anticipating better outcomes than more simple ‘extracellular-
type’ solutions. Normal or hypertonic saline are perhaps the
simplest and most readily available in the clinic and have been
used as the basis for some of the most respected preclinical re-
search studies in the area of hypothermic resuscitation [78, 81,
83]. Nevertheless, as the scientific evidence continues to build
in favor of more complex, cytoprotective HBS solutions, in-
evitable ethical questions will have to be addressed in the
planning of long-awaited clinical trials. The late great pioneer
in this field, Peter Safar, drew particular attention to this point
in discussing the future of clinical trauma resuscitation. In a
broad sense he asked ‘whether it is ethical to randomly with-
hold novel treatments that have improved long-term out-
comes in clinically relevant large animal models’ [81]. I per-
sonally argue that this consideration now applies specifically
to the choice of acellular synthetic fluids that are available to
affect corporoplegia and EPR. In light of the large animal
studies completed in the last 10-15 years (reviewed in this ar-
ticle), the time is now right to open up a dialogue with regula-
tory agencies such as the FDA in order to that clinical pio-
neers are released from the constraints of using scientifically
inferior solutions in planning the first clinical feasibility trials
of EPR. Some, including this author, would argue that failure
to use state-of-the-art solutions and ignore this evidence in
favor of current regulatory constraints, cost, and availability
would be an unethical step into the clinical future.
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