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ABSTRACT

Sub-optimal cooling rate freeze-thaw injury has been studied using the
human erythrocyte as a model biological system. The erythrocyte experiences
simultaneous temporal variations of solute concentration and temperature
during the general freeze-thaw process, hence the sensitivity of the damage
rate to alterations in concentration and temperature has been examined exper-
imentally and theoretically. A modified stop-flow apparatus in communica-
tion with a thermally controlled environment has been designed and developed
to obtain human erythrocyte damage kinetic data induced by osmotic perturba-
tion and/or thermal perturbation. The experimental technique developed pro-
vides real-time analog hemolysis data without centrifugation methods, thereby
avoiding centrifugation artifacts and providing previously inaccessible short-
time kinetic data. Hemolysis kinetics induced by osmotic perturbation for
cells suspended in a binary sodium chloride-water solution are characterized
by an initial rapid rate, followed by transition to a slow rate. The transi-
tion time is a function of temperature, with the longer transition times
associated with lower temperatures. The rapid kinetics are a strong function
of concentration as exemplified by the fact that the rate is proportional to
the fifth power of sodium chloride molality at. 298°K. These kinetics can be
suppressed by temperature reduction, with an apparent activation energy of
7.3Kcal/mole measured for a concentration of 2.45 m NaCl between 273°K and
298°K. Temperature changes cease to affect the hemolysis rate for lower
temperatures as measured between 262°K and 273°K. Preliminary experimental
results for hemolysis kinetics induced by thermal perturbation are character-
ized by a slow reaction rate, followed by a rapid rate with a strong time
dependency (t"6) and transition back to slower rates. Absolute rate theory
has been applied in the development of a kinetic model describing the loss of
membrane components. The rate of the hemolysis process is linked to this
kinetic model by the assumption of a critical loss of membrane surface com-—
ponents. Hemolysis is modelled as a two step process. The first step
requires activation of the membrane components in the form of a desorption
step followed by a diffusion step which governs the characteristic time of
the entire hemolysis process. A thermodynamic system is defined at the cell
membrane surface and a Gibbs-Duhem relation is derived which couples changes
in the surface free energy to temperature and concentration changes. Alter-
ations of the surface free energy are directly translated to a change of de-
sorption activation energy and rate of hemolysis. This model has identified
the thermodynamic driving force for thermal shock damage and has produced an
expression for the hemolysis reaction rate explicitly demonstrating the manner
in which osmotic and thermal perturbation damage are related. Qualitative
agreement is realized for a comparison of the theoretical consequences of this
model and experimental data for both osmotic and thermal perturbation modes of
damage. This model and the experimental rate data have been used to make
preliminary predictions of post freeze-thaw erythrocyte recoveries for various
computer simulated cryopreservation protocols.
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Background

Although the prospect of successful suspended animation for human
beings remains very much within the realm of science fiction, the
reversible storage of biomaterial at low temperature is a scientific
reality. Since 1949 when the first successful cryopreservation techniques
were discovered [1], several classes of biomaterials have received
sufficient research effort to allow clinical scale preservation. These
biomaterials inc]ude blood, spermatozoa, cornea and skin [2,3,4,5].

The object, of course, for all such cryopreservation techniques is to
make use of the fact that the rates at which life processes proceed are
strongly dependent on absolute temperature. Reversible cryopreservation
offers the opportunity to arrest physiochemical processes, most

notably those processes associated with deterioration, until such a

time as the biomaterial is needed for revitalization by thawing and

subsequent transfusion or transplantation.

Perhaps the most fully developed programs of modern cryopreservation
technology are those within the field of red blood cell freezing. Certainly
the potential of this remarkable concept is clearly demonstrated by the
present blood banking endeavors. Prior to the development of successful
red cell freezing methods, the maximum acceptable storage time for
donated blood (stored at 4°C in citrate-phosphate-dextrose (CPD) or
acid-citrate-dextrose (ACD) anticoagulants) was twenty-eight and twenty-one
days respectively. This Timit is primarily due to progressive Toss of
cell ATP and 2,3 DPG concentrations. Maintenance of red cell oxygen

transport function depends principally on the 2,3 DPG level, and the

12



ATP is necessary to guarantee red cell post-transfusion survival [6].
Glycerolized packed red cells frozen at the Massachusetts General Hospital
to -85°C have been stored for as long as 13 years with post-thaw ATP

and 2,3 DPG levels that are within normal Timits. Recovery of in vitro
processing averaged 85 + 5% with a large scale program processing

approximately 12,000 units per year [7].

The most obvious advantage to an extension of shelf 1ife is inventory
control. Blood banking provides the opportunity to decouple the amount and
type of blood available at any given time from the large seasonal and
shorter term fluctuations in blood donating patterns. Storage of rare
blood types is definitely of interest as one might imagine. In addition
to these advantages, there have been several unexpected benefits resulting
from the use of frozen cells. The reader is referred to reference [8]
for a complete discussion, but several factors might be mentioned
including: a reduced 1iklihood of hepatitis and salvage of outdated
blood, which may make frozen blood programs even more attractive than

they first appeared.

The principle of reversible low temperature storage for maximizing
the use of available donations (whenever they happen to occur) is applied
to tissues and organs as well as to single cells. However, as the
biological subsystems are integrated up in size and complexity, one
observes a marked diminution of cryopreservation success stories, as
might be expected. On the other hand, there is reason to be optimistic
in working for future successes since to date there appear to be no
fundamental reasons why scale and complexity alone will rule out workable

preservation protocols for a wide variety of these systems.

14



T T ———— T T e T T S e

Finally, it should be pointed out that in addition to being a valuable
clinical tool, cryobanking is also important as a research aid. Some
examples cited below illustrate this premise nicely. It is standard
practice in some biological laboratories to cryopreserve a sample of each
cell Tline being cultured in case the cultured line becomes contaminated
or otherwise lost. Cryopreservation can be used to great advantage in
applications where a large or rare biological sample is to be used as a
standard in small amounts over a long time period. Specific areas in
which this situation arises include toxicology assays in which enzyme

systems are preserved and tissue typing.

Having discussed the potential of successful cryopreservation
techniques and having mentioned that the number of successful protocols
is rather limited, one is immediately led to wonder what the difference
is between a successful technique and an unsuccessful one. That is,
what are the important factors involved in freeze-thaw damage and what
is known about mechanism, if anything, for each case. Experimental
evidence accumulated over the past twenty-five years has suggested
that at least five major factors are responsible for determining whether
or not a biological system will survive an attempt at cryopreservation:
the rate at which the temperature of the system is reduced, the
minimum temperature reached, the length of time at the reduced temperature,
the rate at which the sample temperature is increased, and the presence
or absence of protective chemicals (cryophylactic agents) as well as the
characteristics of these chemicals. In an effort to reveal mechanistic
detail, the effect of cooling rate (the rate of change of the sample
temperature with respect to time) on cell survival has received quite

intense attention. As a function of cooling rate, the cell survival curve

15
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is generally an inverted U shape [9], which suggests that at least two
competing phenomena are interacting to determine ultimate survival.
Figure 1.1 shows this behavior for several cell types. Data on a number of
cell types have led to the dual mechanism hypothesis for freezing damage
which can be summarized as follows: at slow characteristic cooling rates
(i.e., those below the optimum rate) the increased solute concentrations
present during freezing and the longer exposure times are the dominant
causes of cell damage. Survival can be improved by increasing the cooling
rate but there is a limit to this enhancement since increasing the
cooling rate will eventually cause intracellular ice formation and cell
death [10]. There is considerable electron microscopic evidence to
suggest that intracellular ice damage is actually produced mechanically
by interaction of the internal ‘ice crystals and the plasma membrane

and internal organelles [11,12]. Recrystallization phenomena are of
interest since manipulation of the warming rate can alter post-thaw
survival for those cells which have frozen internally. Typically those
cells which have been rapidly frozen should also be thawed rapidly [9,13].
Undoubtedly this fact is related to secondary growth of ice crystals

upon warming and the minimization of damage on thawing is accomplished
when substantial alteration of the crystals is prevented [11]. Curiously,
the mere presence of extracellular ice does not seem to be a major
contributor to the mechanical damage of cells (at least for slow cooling)
since there are innumerable cases in which extracellular ice is present
and no damage is observed [1,2,9]. On the other hand, this mode of
damage has been observed directly on the cryomicroscope during freeiing

of mouse embryos [14] although it is indeed a very rare evenf.
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Studies of supraoptimal cooling show that for relatively constrained
warming conditions, the formation of intracellular ice is to be avoided
since for a number of cell types including mouse embryos, human red cells
and human fibroblast [15,16,17,18] decreased survival has been indirectly
or directly linked to increased intracellular ice formation. The
conditions requisite for internal ice formation have been dealt with in
several thermodynamic models [19,20,21,22] which demonstrate that in
those cases in which heat transfer dominates over mass transfer, the
intracellular liquid becomes supercooled, favoring transition to the
solid state rather than continued dehydration by transmembrane mass
transport. Several basic cell parameters such as surface area to volume
ratio and plasma membrane permeability to water will determine the
characteristic transition cooling rate at which mass transport becomes
predominant rather than heat transfer. These parameters and such factors
as the cellular sensitivity to solute damage will determine the unique
survival signature (survival percentage as a function of cooling rate)
for each cell type when the storage time and temperature are known,
as well as the basic constituents of the suspending medium and the
warming rate. The following general remarks can be made concerning
storage time and temperature. Increasing the storage time at any
temperature will normally result in additional damage [6]. Cell systems
are most sensitive to storage temperatures in the range -5°C to -60°C
and are less sensitive to temperatures below -60°C [11,23,24,25].

There appears to be no deleterious effect in placing red cells in an

environment close to zero absolute temperature [26].

For any cell system in a given suspending medium and for a specified

warming rate, so-called "solution effects" are responsible for low



survival at sub-optimal cooling conditions. In a classic paper, Lovelock was
able to demonstrate that freeze-thaw hemolysis of red cells in normal
saline could be duplicated by exposure to hypertonic saline solutions

and redilution to isotonic concentrations [27]. In the course of this
work Lovelock discovered that exposure of red cells to hypertonic sodium
chloride produces hemolysis but that this is not in itself enough damage

to simulate freezing damage. Two other critical details were unveiled.

The first is that if the cells were exposed to hypertonic solutions for
five minutes and the temperature of the cell suspension was lowered, the
cells could be hemolyzed even if the solution did not freeze. Furthermore,
the hemolysis was much more than expected from simply exposing the cells

to the hypertonic media for five minutes. This phenomenon was called
thermal shock. Thermal shock was found to be a function of the initial
absolute temperature, the magnitude of the temperature drop, the concentration
and time of exposure to hypertonicity before the temperature drop and

the cooling rate. The second detail Lovelock found was that cells
suspended in hypertonic media became susceptible to damage by redilution
into isotonic media. This phenomenon has been termed posthypertonic
hemolysis. If solute leakage occurs during hypertonic exposure, dilution
to a less concentrated media can in some cases produce disruptive

swelling by the osmotic influx of a volume of water exceeding that
comparable to the isotonic case. In a freeze-thaw situation, solute
leakage may occur during freezing (as it is known to in some cases)

and upon subsequent thawing (dilution) the cells may burst as they

exceed a maximum critical volume. PFarrant and Morris present an overview
of solution effect damage with the proposal that freezing injury at slow

rates is primarily due to thermal shock and dilution shock [28].

In addition to Lovelock's work on posthypertonic hemolysis, the work



of Zade-Oppen has provided quantitative data demonstrating the tremendous

amount of damage that can be imposed by this effect [29].

Scope of the Present Work

A review of the state of the art for solution effect freezing damage
has shown that there are three modes of damage: exposure to hypertonic
sotutions, exposure to temperature reductions and solute leakage with
subsequent dilution lysis upon thawing. It is clear from the various
studies that the amount of damage produced is a rather complex function
of absolute temperature, salt concentration and exposure time--the same
variables that are changing simultaneously during the freeze-thaw
protocol [27,30,31,32,33]. It is apparent that the first two modes in
most cases are coupled and it is likely that all three are intimately
related. Lovelock concluded from his experimental work that hypertonic
solutions are capable of removing a sufficient amount of critical
membrane components so that the cell becomes increasingly permeable to
solutes, so much so that large molecules such as hemoglobin will eventually
leave the cell [34]. Alteration of the membrane during hypertonic
exposure renders the cell susceptible to temperature drops, but the
manner by which the temperature reduction acts as a driving force for

hemolysis remains unclear [30].

What has not been addressed to date js the problem of incorporating

these important parameters into a unified model (even a very simple one)



by which one would be able to quantify the amount of damage to be expected
from arbitrary but specified variations in any or all of the parameters:
temperature, time and concentration. Conceivably this could be accomplished
without detailed information as to the mechanisms involved if the kinetics
of hemolysis were available as a functijon of temperature and concentration.
Then for arbitrary freeze-thaw procedures the damage rate equation(s) could
be integrated for a prediction of the total amount of damage to be
expected. Since in most cases the cooling rates attainable clinically are
slow enough to be classified as suboptimal for many cell types, the

cells undergoing freezing are influenced primarily by solution effects.
Although solute leakage may occur during freezing, the damage is not
manifested until dilution occurs during thawing. It is known that
extensive damage occurs during the freezing process alone, presumably

due to thermal shock and hypertonic exposure [35] hence the focus of the
present work is to quantify experimentally the kinetics for these two
freezing damage modes and to incorporate the results into a form which

can be used to predict recovery at suboptimal cooling rates. Therefore
the goal of this work is to quantify hemolysis kinetics as a function

of salt concentration and temperature and to formulate a damage function
for use in predicting response to arbitrary cryopreservation protocols.
Optimization of protocols is easily accomplished if accurate predictions
are obtained from the model. Any modelling necessary for the formulation
of the damage function and various conclusions derived from the kinetic
studies may produce additional insight into the mechanisms of hypertonic

and thermal shock damage.

Interpreting a cryopreservation protocol in thermodynamic terms is

a very useful conceptual tool. It requires definition of the system and
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environment. In view of the observations of Lovelock regarding loss

of membrane components, the best model would seem to be that of choosing
the membrane as an open thermodynamic system in communication with its
suspending medium as the environment on one side of the membrane and

the intracellular solution on the other. During the freezing process

the phase change occurring within the suspending medium causes simul-
taneous changes in temperature and salt concentration, i.e., the thermo-
dynamic state of the environment changes and the rate at which it does

so is a strong function of the cooling rate. For suboptimal cooling
rates used to freeze human red cells, the intracellular compartment is
able to remain in equilibrium with the extracellular solution because
transmembrane water transport is so rapid [20,22]. Figure 1.2, the phase
diagram for a sodium chloride-water system, shows the freezing trajectory
(locus of thermodynamic states) for red cell quasi-equilibrium freezing
in normal saline. Also shown on the phase diagram are the two components
of the damage rate function which will be called HR (for hemolysis rate). As
the thermodynamic state of the environment is altered during the course
of freezing, the system is perturbed and responds by approaching a new
state of equilibrium with its environment. This new system state may

or may not favor increased hemolysis but in any case the two modes of
freezing damage previously discussed may be thought of in terms of the
partial derivatives (BHR/BXS)T, osmotic shock and (BHR/aT)XS, thermal shock.
In addition to revealing how the system may be sensitive to these two
types of perturbations this interpretation points out the need for an
experimental apparatus capable of decoupling the two perturbation modes
so that the system sensitivity can be studied for each of the modes

independently. Finally, the use of thermodynamics in this context
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gives meaning to the desired outcome of a successful cryopreservation
technique, namely reversible freezing and thawing. The cryopreservation
protocol is actually a thermodynamic cycle and it is essential that the
state of the membrane and the environment be returned to their initial
conditions after thawing, otherwise the irreversibilities are Tikely

to result from what will be manifested as damage.

Thermodynamics alone is not sufficient information since it is well
established that in general the rates of freezing produce pronounced
effects in terms of total damage produced. Therefore kinetic information
is vital, and in this respect it would not be unreasonable to assume that
hemolysis would be consistent with Arrhenius rate theory. It is known both
at elevated and reduced temperatures (relative to physiological temperature)
that temperature induced changes in biological systems ranging from
molecular constituents such as proteins, to complex cellular systems
such as epidermal tissue [36,37,38,39,40,41] are consistent with the

Arrhenius form.

The human erythrocyte was chosen as the model biological system

for the work in this thesis for several reasons.

The red cell because of its medical importance has been studied very
thoroughly as compared to other cell types. Of course this makes it
attractive as a model because a wealth of biophysical and biochemical data
is available, as well as general studies as to how various conditions affect
cellular behavior. Compared with other mammalian cells, the mature red

cell is a simple non-nucleated system whose function is to provide a



controlled environment for the oxygen binding protein hemoglobin.

The release of hemoglobin (hemolysis) has been found to be an all or none
phenomenon [29,42] and the detection of hemolysis (a well established
technique) thereby provides a sensitive and meaningful experimental measure
of damage kinetics. Lastly, the results of the thesis work on the red

cell have potential significance by direct transfer of knowledge from

the laboratory to the clinical practices in blood banking.

A11 experimental and theoretical work here will be for the simplest
cellular environment--water and sodium chloride i.e., freezing for the
unprotected cell in normal saline. This is done because the thermodynamic
state of the intracellular and extracellular solutions can be specified
at all temperatures, and because there are experimental data for post

freeze-thaw survivals with which to compare predictions from the model.



Chapter 2

Experimental Apparatus
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In this chapter the rationale for the development of a new experimental
apparatus to measure red cell hemolysis is discussed. Each of the three
subsystems comprising the apparatus: the optical system, the mixing
system, and the thermal system are described in detail. In conclusion,

the performance characteristics of the device are presented.

Rationale for Development

Hemolysis by definition is the release of the oxygen-binding protein
hemoglobin from within the red cell to the extracellular medium. Since
the release of the hemoglobin is considered to a good approximation
to be an all or none event [29,42], i.e., a negligible amount of hemoglobin
is retained internally, the extent of damage to a population of red cells
can be determined by measuring the ratio of the hemoglobin present in
the supernatant per unit volume divided by the total amount of hemo-
globin (internal or external to the cell) per unit volume. The standard
technique employed for hemolysis determination involves centrifugation,
cell 1ysing, hemoglobin oxygenated state fixation, and measurement
of hemoglobin absorption at 540nm. [30] Preliminary results for the
hypertonic hemolysis kinetics using this standard technique revealed
that the kinetics were quite rapid at the higher sodium chloride
concentrations. Since the minimum time needed to obtain the first
hemoglobin absorption data was approximately two to three minutes,
an essential portion of the hemolysis dynamics close to time zero
is inaccessible using this procedure. There are two other objections
that can be made regarding the standard technique. As pointed out
in the introduction, two modes of red cell perturbation are of interest,

one involving concentration perturbations at various temperatures
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and the other one involving temperature perturbations at various
concentrations. Cold rooms or even refrigerated centrifuges simply

do not offer the amount of flexibility in accurately setting and rapidly
altering the thermal and osmotic conditions necessary to study both modes
thoroughly. Also, in the case of the proposed study the red cells

will be stressed either osmotically or thermally. Thus to centrifuge
them subsequently is Tikely to induce mechanical damage [29]. It was
therefore felt that the situation warranted development of a new apparatus
and technique eliminating the need for centrifugation, providing access
to "zero" time data and offering flexibility in the determination of a
wide range of thermal and osmotic conditions. Observations from a
modified stop-flow apparatus [43] demonstrated that the intensity of a
1ight beam passing through a column of partially hemolyzed red cells
could be calibrated as a function of hemolysis. Therefore, once
calibrated, such a system has the potential of providing the desired

hemolysis kinetics data as will be discussed in the next section.

The Optical System

Theory of operation:

The intensity of a 1light beam forward-scattered through a homogeneous
mixture of erythrocytes and sodium chloride solution can be calibrated
as a function of the extent of damage within the cell population and
thereby provide the opportunity to follow damage reaction kinetics.
Intact, healthy erythrocytes are very effective in scattering and
absorbing 1light. As the cell hemolyzes (becoming what is called a "ghost")

it is very much less effective in these capacities, which means a much



greater fraction of the incident beam passes through the cell solution
and can be detected. The experimental outcome of this fact is that

there will be a timewise-increasing,forward-scattered Tight intensity
measured as hemolysis proceeds within the sample chamber. A tungsten
Tight source powered by a regulated D.C. power supply provides a constant
incident reference intensity to the cell suspension. If the oxygenation
state of the hemoglobin molecule changes, so do its absorption
characteristics [43,44]. This effect is experimentally eliminated by
filtering the tungsten source with a band filter to block out those
wavelengths where the shift occurs. For a given optical chamber geometry
the amount of forward scattered 1ight can be decreased by the addition

of more red cells into the path of the 1light beam. This variable is

held constant by the insertion of a fixed volume fraction (hematocrit)

of red cells for all experiments. The measured 1light intensity is also
a function of cell volume, making possible the measurement of trans-
membrane transport properties of various permeable species by way of

the stop-flow technique [43]. Cell volume changes are not a significant
factor in the present work for several reasons. Firstly, all experiments
are conducted in solutions hypertonic enough to produce minimum cell
volume (i.e., greater than 1.0M NaCl1) [29,33]. Secondly, the cell
shrinkage from isotonic packed cell conditions to the minimum volume
hypertonic conditions after mixing at time zero occurs on a time scale

of approximately 100msec, whereas access to experimental times as long

as several seconds after mixing are acceptable for the hypertonic
kinetics. Finally, the forward-scattered 1light intensity is much less
sensitive to volume changes then it is to the production of damage [43].

Erythrocytes have a density slightly greater than the sodium chloride

20



solutions which they are suspended in during the time in which hemolysis
is measured. Unless the incident light beam is passing through a homo-
geneous mixture of cells and suspending medium, the measured 1ight intensity
may be a function of a parameter other than hemolysis. Specifically,

the cells may sediment away from the 1ight beam causing an increased
intensity of transmitted 1ight which could be erroneously interpreted

as cell damage. This was observed during preliminary testing using an
existing stop-flow device (see appendix A for details). Red cell
sedimentation velocities are on the order of 0.5 cm/hr [45] which means
that a sedimentation column of several centimeters height aligned with
the gravitational field provides an "infinite" reservoir of a homogeneous
mixture. Here the reaction kinetics are assumed uniform throughout the
height of the column; thus if the sedimentation column has been designed

to be long enough, the beam is no longer sensitive to sedimentation.

Major Components:

The major components of the optical system are shown in Figure 2.1,
the schematic for the entire apparatus. The light source is a Zeiss
12 volt 60 watt tungsten microscope illuminator. This bulb is powered
by a Hewlett-Packard Harrison 6428B D.C. power supply (voltage regulation
to 0.15%). The incident 1ight to the cell suspension is filtered by a
band pass filter whose characteristics were measured on a Bausch and
Lomb Spectronic 20 spectrophotometer and shown in appendix B. The
test cell (or optical chamber)part of the system is optically isolated
from the environment. The incident filtered beam from the tungsten source
is transmitted by a 1/8" diameter bundle, 12" length fiber 1ight guide.

The forward-scattered light is incident upon a photocell sensitive to
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near infrared wavelengths. The characteristics of this IRI photovoltaic
silicon detector are given in Reference [ 86 ]. The detector voltage is
amplified and high frequency noise is filtered by the circuit shown in
appendix C. The amplified voltage characterizing hemolysis is displayed
on a Hewlett-Packard 7100B strip chart recorder by means of a model

17501A multiple span (voltage) input module.

The Mixing System:

This subsystem consists of two drive syringes, a red cell reservoir,
a test solution reservoir, a mixer and loop filter as well as the
sedimentation column and assorted valving and tubing as shown schematically

in Figure 2.1.

Theory of Operation:

This system serves several purposes. In the ideal case it
instantaneously delivers to the test cell a homogeneous mixture of
test solution and cells. The volume fraction of cells (the hematocrit)
is precisely and reproducibly determined and the mixer itself produces
no artifacts such as mechanical damage to the cells. The mixing can
be assumed to expose the cells instantaneously to a step change in
sodium chloride concentration and thus provide one of the perturbation
modes of experimental interest. Once bulk flow is stopped at zero
experimental time, no flow artifacts are present to introduce 1light

intensity changes other than those due to hemolysis. A1l tubing and

292



valving is biologically inert to prevent cellular damage.

Major Components:

The drive syringes used are plastic Monoject 1cc and 35cc syringes.
The diameters of the plungers are such that the area ratio is 1:23.73.
For a coupled drive with equal strokelengths for both plungers, the
final volume fraction of cells (assuming the packed cell reservoir
contains 100% cells by volume) is 4%. The red cell reservoir and the
test solution reservoir are designed to provide convenient working
volumes typical of those required in an experimental day. The mixer
is basically a T-junction fashioned from acrylic plastic which by way
of turbulence effectively mixes the test solution and packed red cells.
(See appendix D for details.) Extremely small sizes are avoided since
high Reynolds number flow can induce mechanical damage to erythrocytes
[46]. The flow tube connecting the mixer and sedimentation column is
bent into a 180° loop intended to trap any particulate or non-completely
mixed cells from preferentially sedimenting into the test cell after
flow is stopped following injection into the chamber. The sedimentation
column as previously discussed consists of a 2 3/4f length section of

tubing cut from a glass pipette (Roch Sci. Corp. Tml in 1/10).

The Thermal System

Theory of. Operation:

This subsystem provides for thermal control of the test chamber
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where the cellular damage kinetics are monitored. It is not unlikely,
from what has been reviewed in the literature, that the hemolysis
reaction rate may be expressed in an Arrhenius form, suggesting that
accurate control of temperature is essential since the rate would be
exponentially related to 1/T. In the case of the first type of experiment
in which hemolysis is induced by a hypertonic concentration perturbation,
the controller must be capable of producing an isothermal environment

for the reaction chamber. A simple set point controller was designed

to accomplish this. The controller compares an amplified, linearized
thermocouple voltage proportional to the test chamber temperature with

a selected voltage corresponding to the desired temperature. The
difference is amplified by a one hundred fold gain and input to a power
amplifier. The output of the power amplifier drives a resistive heater
immersed in a refrigerant flow stream providing constant refrigeration.
This flow stream is in direct contact with the test chamber which means
that the energy dissipated in the heater appears as a temperature at the
test chamber thermocouple and the feedback Toop is complete. For the
second type of perturbation mode in which hypertonic iso-osmotic
condition hemolysis is induced by a temperature drop perturbation,

the system should be capable of establishing accurate, reproducible
jnitial and final temperatures as well as a range of constant rates of
temperature reductions. An instantaneous step change in temperature

for inducing damage is fortunately not necessary. The amount of damage
induced by this perturbation mode appears to be more sensitive to the
magnitude of the temperature drop rather than the cooling rate, although
there is some cooling rate dependence [27,30]. Therefore a rate controller
incorporating an integrator was not designed at this time. Reproducible

cooling rates of 10°K/min were achieved by manual control of the refrigerant
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Vflow rate for the thermal perturbation mode experiments. (see appendix C

for temperature controller circuit.)

Major Components:

The pressurized nitrogen supply and liquid nitrogen heat exchanger
have been discussed elsewhere [47]. This refrigeration scheme is
capable of delivering nitrogen gas to the optical system heat exchanger
tube (shown as a dotted line in Figure 2.1) at approximately -150°C and
2.5 to 3.01bm/hr [47]. The immersion heater used consists of a length
of 32 gauge chromel A wire measured at 9.93 ohms/ft for a total
resistance of 22.7 ohms. The wire was sheathed with a number of
4 1/2" length 5ul micropipette glass tubes for electrical insulation,
before insertion into the flow stream. The temperature of the brass
section of the test chamber (see appendix D) was sensed by a 30 gauge
Omega teflon-coated, copper-constantan thermocouple embedded with epoxy
into intimate contact with the sedimentation column. The circuitry
comprising the proportional set point controller including interfacing
with the strip chart recorder retransmitting potentiometer is described
in appendix C. The basic power amplifier circuit is discussed in

references [47,48].

Calibration of the Optical System

For the purposes of reducing the raw kinetics data in the form of
the photocell voltage trace to a hemolysis percentage history, a
calibration of the optical system is necessary. The basic procedure

employed involves the production of a partially hemolyzed solution of
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cells at 4% hematocrit, spectrophotometric measurement of the amount of
hemolysis and injection of this sample into the optical chamber for
determining the photocell voltage output corresponding to that particular
amount of hemolysis. The procedure is repeated for several levels of
hemolysis so that an accurate basis for curve-fitting the hemolysis

data as a function of the photocell voltage data is assured.

The final form of this calibration curve is actually in terms of
a normalized photocell voltage and not the absolute voltages measured.
A convenient reference for normalizing all other voltages is the photocell

voltage corresponding to the minimum cell volume.

For the salt concentrations used in this work, minimum cell volumes
are realized and since the transmembrane water transport is so rapid
for red cells, the shrinkage to minimum volume occurs instantaneously
as compared to the characteristic times associated with hemolysis kinetics
even at the higher salt concentrations [33,43]. The concentrations used
in the present work are in the range 1.0m to 4.0m and the fact that
minimum volume should be reached for these concentrations is suggested
by the results of Farrant et.al. [ 33 ] shown in Figure 2.2 for intracellular
water mass. One notices that for solution concentrations exceeding
1500 - 2000 mOsm/Kg water there are no further changes in the intracellular
water mass. A theoretical treatment of this effect in terms of a
chemical potential driving force across the membrane for a hydrated

intracellular solution is discussed in reference [ 22 ].

If there are no further changes in intracellular water mass and if

cell volume is the major factor determining the magnitude of the 1light
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lality in hypertonic sodium chloride. The mass of
cell water is increased at each point to allow for
the cells lost by hemolysis and therefore represents
a direct function of the mass of water in a single
red cell. Cell water is lost as the osmolality in-
creases and this process is almost complete by
1500-2000 mosmolal.

Figure 2.2 Intracellular Water Mass as a Function of Sodium Chloride

Osmolality (reproduced from reference [33]).
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intensity reaching the detector, one would expect negligible changes

in the photocell output when the red cells are mixed with sodium chloride
solutions of concentrations greater than 0.75 to 1.0m. This expected
photocell response occurs as the results of Figure 2.3 show. The photocell
voltage for cells at 4% hematocrit in a solution of a given NaCl
concentration is divided by the photocell voltage for cells at 4%
hematocrit in normal saline. This normalized voltage is plotted as

a function of the given solution sodium chloride concentration. The
close similarity of Figures 2.2and 2.3 suggests that the photocell output
is approximately linear with cell volume (or cell water mass) over a

wide concentration range. This is known to be true for a similar system

over a narrow range [ 43].

These results indicate that cells mixed into hypertonic NaCl solutions

(fixed HCT)in the concentration range 1.0m - 2.0m will produce identical
photocell outputs. The assumption is made that the results would be

true from 2.0m to 4.0m as well since the chemical potential driving force
for water transport will not change appreciably for the hydrated solution
in the range 2.0m to 4.0m [22 ]. For these hypertonic concentrations,
however, hemolysis occurs and the photodetector signal increases since

the hemolyzed cells scatter and absorb less than healthy cells.

The instantaneous photocell voltage recorded during hemolysis

(v t) is normalized with respect to the minimum volume voltage (Vo%).

tes
The quantity Vo% represents a condition in which the cells are at minimum
volume and no hemolysis has occurred. This condition defines zero time
experimentally and occurs immediately after bulk flow has ceased in the

stop flow apparatus.

ki
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Red cells were placed in hypertonic sodium chloride solutions and
the amount of hemolysis was monitored as a function of time by the use
of the standard spectrophotometric technique. The results of these tests
are shown in Figure 2.4. Two significant features of this figure should
be noticed. At concentrations of 1.0m the hemolysis kinetics are indeed
very slow. This means that the reference voltage Vo% for the minimum
volume, zero percent hemolysis condition can be determined by mixing
packed cells with 1.0m NaCl and injecting the homogeneous mixture into
the optical chamber. The second significant feature is that a quasi-
steady state in the hemolysis kinetics has been reached after three
hours. (Note the agreement of the present results with those of

Soderstrom and Zade-Oppen [29,50].)

This state of quasi-statics allows measurement of the amount of
hemolysis for a sample of the hemolyzed cells on the spectrophotometer
and subsequent insertion of another sample from the same hemolyzed
cell suspension into the optical chamber. The time delay between the
spectrophotometer reading and the determination of the'photoce11 voltage
corresponding to that particular level of hemolysis introduces an error
on the order of 1-2% in the calibration curve of percent hemolysis as a

function of the normalized voltage V =V t/Vo%. Various levels of

tes
hemolysis are attained by mixing the cells into several different
concentrations. The curve-fitted results for the calibration curve are
shown in Figure 2.5. The best logarithmic fit for 32 such experimental
data points shown as circles for a 4% nominal hematocrit appears as a

solid line and can be expressed as
% Hemolysis = 24.313 1oge(V)
with a correlation coefficient of r = 0.96. These tests were repeated

at four hemolysis levels for a 10% nominal hematocrit and the results
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are shown as triangles on the same figure. These data suggest that
V is independent of the hematocrit chosen (for values between 4% and
10%). This behavior is undoubtedly a reflection of the fact that
although the absolute values of Vtest and VYo% change with hematocrit,
the values of both parameters change in the same proportion. As a

consequence, the ratio of the two is maintained at a constant level.

A second procedure was used as a check on the one just described.
In this instance hemolysis was produced by freezing rather than solely
hypertonic exposure. Red cells were mixed in 1.0m NaCl at a hematocrit
of 4% and test tubes of this mixture were plunged into liquid nitrogen.
The test tubes were thawed out after several minutes of residing in the
liquid nitrogen bath and the amount of hemolysis produced was measured
with the spectrophotometer. This procedure produced 90% hemolysis and
also meant that the unhemolyzed cells were at minimum volume since they
were in 1.0M NaCl still. Healthy packed cells were mixed in 1.0M
NaCl at 4% hematocrit for a mixture of "0%" hemolyzed, minimum volume
cells. Specified volume fractions of 90% hemolyzed and 0% hemolyzed
cells were then mixed to yield total hemolysis values of 23%, 45% and
68%. The times associated with hypertonic exposure to 1.0m NaCl were
short enough so that less than 2% error should be introduced in the
90% and 0% hemolysis levels, respectively. The V data for these amounts
of hemolysis are shown in Figure 2.5 as squares. The conclusion drawn from
a comparison of the two sets of data is that there is no striking deviation
from the previous results since these data appear to fall within the

bounds defined by the scatter seen in the data from the former procedure.
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Operational Characteristics of the System

The system warm-up time is approximately one half hour. This time
is associated with the generation of a reference temperature within
the strip chart recorder temperature module, and the approach to
steady state behavior for the operational amplifiers, power supplies

and tungsten lamp.

The stability of the system will be discussed in the section
describing control experiments in Chapter 3. Suffice it to say at
present that the photocell output is stable to better than + 2% for times
exceeding six hours with normal saline in the test chamber and for over
a twenty minute period for the case in which the test chamber contains

red cells in normal saline.

The photocell output is a Tinear function of the regulated power
supply voltage used to illuminate the tungsten lamp. This is true
whether the optical chamber contains only normal saline or cells at
4% hematocrit and minimum volume (1.0m NaCl solution) conditions, see
Figure 2.6. The only difference is that the absolute magnitudes of the
photocell voltage output are different. The lower values occur, of
course, when cells are present to -scatter and absorb a larger portion

of the incident beam.

Typical operating conditions are given to orient the reader as to
the photocell voltage magnitudes involved for various situations. With
a photocell voltage gain of one-hundred fold across the operational

amplifier, the maximum amplified voltage is set at 8.0 volts for normal
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saline in the optical chamber. For these conditions the minimum
output would be approximately 13.5mv for zero hemolysis and minimum

cell volume conditions for cells in 1.0m NaCl at a 4% nominal hematocrit.

The dynamic response of the optical system was experimentally
determined by introducing normal saline into the sedimentation column,
which produces a steady signal, and then switching off the power
supply to the tungsten lamp. This does not produce a true step input
to the photocell since there are transients associated with the power
supply output capacitance and the thermal relaxation of the lamp
filament. Nevertheless, the amplified and filtered output of the
photocell responded with a characteristic time of two seconds to such
a test. This dead time is negligible compared to the characteristic

hemolysis kinetic transients.

This apparatus has been designed to monitor the transient extent
of cellular destruction (hemolysis), and it is therefore necessary to
identify and to control experimentally all other system variables that
could cause variations in the detector output. The sensitivity of the
detector output to cell volume has been discussed and quantified in the
calibration section of this chapter. This factor should not alter
results obtained from the apparatus because it has been demonstrated
that minimum volume will be reached in all cases and this state is

reached 1nstantdneously with respect to the time scale for hemolysis.
Insertion of a greater cell density (hematocrit) decreases the total

forward-scattered 1ight intensity. This characteristic of the present

device has been quantified and is shown in Figure 2.7. In this graph

AR



1140010WRH PaJNSea)y 40 UOLIOUN4 B Se 2be3|OA |[9J030yd pazL|euMoN [°Z d4nbid

1I4O0LVNIH
OO_ _..O_ :

T T [TT T T T T 1 T ¢-Ol

660=1 .
og-(LIMOOLVWIH) (.01 X 9€°E) A

IR
A\

SN
SN NI T30,

D
Qo

d

L1 1 1
°

47



V' is the photocell voltage normalized with respect to the 8.0 volt
reference with only normal saline in the optical path. The parameter
V' is plotted on log-log paper with measured hematocrit (not nominal
hematocrit) on the abscissa. A best fit by least squares yields

the expression for cells in normal saline;

V' = (3.36 x 10"2) (Hematocrit)"]'56

A distinction between measured and nominal hematocrits was observed
experimentally. The drive syringes chosen for the mixing subsystem
were designed to deliver a nominal hematocrit of 4%. However, the
actual volume fraction of red cells delivered as a homogeneous mixture
to the optical chamber has been measured at 2%. The reason for this is
that the packed cell reservoir contains centrifuged red cells which are
not 100% packed. The 50% degree of packedness experimentally measured
is slightly lower than that observed by other investigators, probably
due to short centrifugation times (3 minutes) at Tow force levels
(900g) but the highest degree of packing attainable would appear to be
70% [49]. Since the system calibration curve parameter V has been
shown to be insensitive to hematocrit variations, this feature

fortunately does not introduce errors into hemolysis detection measurements.

For any one reservoir full of packed cells, the packedness of the
cell samplie is invariant and the reproducibility of the syringe pair
in delivering a constant hematocrit from test to test was checked.
It was found that the system delivered a mean hematocrit of 2% with a
standard deviation of + 0.1% absolute hematocrit. This represents a
deviation of 5% about the mean value (gél-= 0.05), meaning that the
delivery system is producing a constant hematocrit to within + 5% variability.

The initial absolute value of the photocell voltage tends to shift
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approximately 7% about a mean value for any one reservoir full of packed
cells and this can be shown to be a direct result of the 5% variation

in delivered hematocrit (appendix E ). Deviations greater than 7%

for the absolute photocell output are expected for tests conducted

from different samples of packed cells if the centrifugation has produced
differences in packedness that result in hematocrit variations greater
than 5%. These variations do not effect the hemolysis derived since

V is not sensitive to hematocrit.

There are two features of the system characteristics that have
rather undesirable consequences. These features represent weakness
in this technique but arguments are given explaining why these weaknesses
are probably not causing appreciable distortion of the hemolysis

kinetic data derived from experiments performed on this device.

For the first 14 seconds after bulk flow is stopped, there is on
the average a 7% decrease in absolute signal based on the minimum
volume, 0% hemolysis signal level. This amounts to an absolute signal
change of approximately 1.0mv. The cause of this artifact is unknown at
the present time, but it appears to be related to the length of time
cells have been stored (after donation) at 4°C in the refrigerator.
Cells stored for longer than about 4 days show very little of this
artifactual behavior [ 51 ]. This is particularly curious since water
transport is occurring over a time span of less than 100-500msec and
estimates of velocity damping for red cells in normal saline solution
indicate very rapid characteristic times (see appendix F ). Fortunately
this effect should not introduce error in data retrieval for most

situations. For example, at the higher sodium chloride concentrations
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the kinetics are so rapid that the absolute signal Tevel within several
seconds after flow is stopped is large enough to make the 1.0mv drift
insignificant. At the other extreme, for the lower concentrations; the
kinetics are slow enough that the steady state for the drift has

been reached well before any appreciable hemolysis has occurred. This
means that the voltage level after 14 seconds have elapsed has not been
altered by hemolysis, so the voltage at 14 seconds can be assumed to

be the Vo% one would see at zero time. In between these Timits the

margin of error is worse, but as will be seen in the Chapter 4 presentation
of the experimental results, the data obtained in the middle concentration
ranges are consistent with those taken at both extremes where the error

is negligible.

The other potential weakness of the apparatus and technique is a
consequence of the system behavior described by the data summarized in
Figure 2.8. This plot reveals that the photocell voltage output is a
function of the concentration of the sodium chloride solution when
no cells are present in the solution. A reference photocell voltage is
selected when the optical chamber contains normal saline. The chamber
is then sequentially filled with several increasingly concentrated
solutions. The voltages observed for each of these solutions normalized
by division using the normal saline reference voltage shows that the
light 1ntensity decreases linearly with increasing solution molality.
This behavior is observed regardless of the absolute magnitude of the
normal saline reference voltage. This voltage was altered by the
introduction of neutral density filters (Kodak Wratten gelatin filters,
No. 96 N.D. 2.00 and No. 96 N.D. 3.00) in the light path between the

end of the 1ight pipe and the beginning of the optical chamber housing.
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The Tamp supply voltage was not altered for these tests. Linearity
was noted for normal saline voltages of 8.0 volts (circle data),

0.43 volts (triangle data) and 0.128 volts (square data).

The implications of this result can be appreciated with the aid of
the data in Figure 2.9. This figure is a representation of the hemolysis
percentages obtained in the quasi-steady state (for exposure times
longer than 3 hours) at a given solution molality. These are the same
hemolysis data points plotted in the calibration curve as Figure 2.5.
The point is, that various solution molalities were necessary to produce
the desired range of hemolysis percentages. If the measured photocell
voltages are a function not only of the amount of hemolysis but also of
the solution molality as indicated by Figure 2.8, then it is not correct
to normalize all Vtest data with respect to a 0% hemolysis, minimum
volume Vo% obtained at 1.0m, unless the effect of the solution molality
on Vtest is small compared to the effect of hemolysis on Vtest' If
the absorbances of the two effects could be considered additive, then
the overall intensity of 1light reaching the detector would directly
include the results shown in Figure 2.8, namely that a cell solution at
a given level of hemolysis in 4.0m NaCl would yield a signal only 58%
(0.525/0.90) of that obtained for the same degree of hemolysis but in a
solution of 1.0M NaCl. The actual system must be more complex than
this and it must be the case that the effects of the solution concen-
tration alone vis-a-vis the effects of the amount of hemolysis are

negligible, at least for 1ittle hemolysis.

Evidence for this assertion comes from two separate types of experiments

already described. When no hemolysis occurs and cells are forced to a
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minimum volume state by increasing the solution concentration, the same
voltage level is realized for both cells in 1.0m solution and cells in
2.0m solution (see Figure 2.30). If solution effects alone were to be
directly reflected in the photocell output as expressed by Figure 2.8,

then the expected difference between the 1.0m cell solution and the

0.90 - 0.74)
0.90 ’

is not observed in Figure 2.3 which implies that the solution effect

- 2.0m cell solution would be of the order of 18% ( This
would not alter the calibration curve (% hemolysis vs V). The second
calibration procedure in which cells were frozen in 1.0m NaCl, mixed
with unhemolyzed cells in 1.0m NaCl, and the measured Vtest was
normalized with respect to Vo% measured at 1.0m NaCl, yielded data in
good agreement with the first calibration procedure. Thus the solution
effect described in Figure 2.8 will not cause significant distortion

of the calibration curve.
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Experimental Procedures and
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Experimental Procedure for the Isothermal,

Hypertonic Osmotic Perturbation Mode

The electronics of the system are turned on and allowed to warm
up for thirty minutes. The reference incident light intensity to the
test chamber is set by filling the chamber with normal saline and
adjusting the regulated power supply to the tungsten lamp such that the
transmitted 1ight intensity to the photocell yields an output of
8 volts. This can be done immediately after the rest of the electronics
are turned on so that the entire system is ready for operation within

thirty minutes.

Fresh whole blood collected in citrate phosphate dextrose (CPD)
was obtained courtesy of Dr. C.E. Huggins, Director of the Blood Bank,
Massachusetts General Hospital. A1l blood not used on the day of
collection is sealed in the collection test tube and stored in its
own plasma at +4°C. If not used within three days after collection,
this blood is discarded. At the time of use, the whole blood collected
in CPD is washed three times in normal saline by the standard technique.
Specifically, the cells are centrifuged at 960g for three minutes, then
the supernatant fluid is aspirated, including the white cells on the

first aspiration. The fluid is replaced with normal saline and centri-

fuged. This cycle of aspiration, refilling with saline, and centrifugation

is repeated three times. After the third centrifugation, all of the
supernatant is removed and these "packed" cells are either placed into
the system packed cell reservoir for immediate use or into the

refrigerator for use later in the day.
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The test solution reservoir is filled with the hypertonic sodium
chloride solution of interest. There are five stock mixtures of sodium
chloride and water chosen for experimental use. When mixed with packed
cells in the syringe pair yielding the nominal 4% hematocrit, the post-mix
equilibrium concentrations which the red cells are exposed to are
1.96m, 2.45m, 2.94m, 3,43m, and 3.94m which result from stock mixtures
of 2.00m, 2.50m, 3.00m, 3.50m, and 4.00m respectively. These
concentrations are chosen to cover a major portion of the region bounded
by a minimum concentration of 0.8M, which according to Lovelock's estimates
represents the minimum concentration required to produce initial
damage [24], and bounded by a maximum concentration of 5.2m which is the
eutectic concentration of a simple sodium chloride-water system [22].

At this point the mixing system is ready to use.

If temperatures other than ambient are desired, as they would be in
the general case, the thermal system must be prepared for use before
mixing begins. The liquid nitrogen heat exchanger is filled with
liquid nitrogen and the temperature controller set point is selected
for the desired temperature. The power amplifier output is applied
to the immersion heater and nitrogen flow from the pressurized source is
initialized. The strip chart recorder drive is turned on and the approach
of the test cell to a thermal steady state is observed on the recorder.
Full scale and zero settings are calibrated for the scale setting selected
on the multiple span voltage input module, and the amplified photocell
voltage is applied to this module for display on the second channel of
the strip chart recorder. The appropriate scale can be chosen by use of
the calibration curve for V as a function of hemolysis and an estimate

as to the amount of damage that will occur.
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Once the thermal steady state is reached the blood and hypertonic
solution are manually injected with a gentle sinusoidal motion through
the mixer and filter loop into the test cell. Flow is stopped and the
recorder now displays two simultaneous traces, one of the photocell

voltage and one of the test cell temperature.

The photocell voltage data is then reduced as V-(='Vinstantaneouslvo%)
and plotted as a function of time. The calibration curve is then used

to translate V to percent hemolysis. The result is that the hemolysis
kinetics at that particular temperature and concentration are determined.
The test is then repeated for the same conditions to establish a reasonable

statistical base for sampling the population behavior. Usually five to

ten runs for each condition are done.

Once this data is complete either the temperature is changed to
a new isothermal set point and a variety of hypertonic solutions are
investigated or more concentrations are investigated at the same temperature.
In this manner a complete sweep of the concentration range of interest
and temperature range of interest can be pursued. The temperatures
of primary concern are Between physiological (+37°C) and the eutectic

temperature of the sodium-chloride water system (-21.15°C) [22].

It is perhaps best before proceeding further to note and discuss
a subtle but important point relating to this procedure. Although some
informatfon is gained about the kinetic process of damage and how it is
related to temperature by these series of isothermal tests, these data
are not necessarily representative of cellular behavior while experiencing

temperature drops. Also note that the packed cells are maintained at
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room temperature until injection, regardless of the chosen operating
temperature of the system. This is necessary because otherwise the
minimum operating temperature would have to be about -0.6°C where the
packed cells in saline would begin to freeze out. Experimentally this
means that the packed cells see a temperature drop as they are mixed

with the precooled hypertonic solution. As the packed cell volume
represents only 4% of the total volume, the temperature rise of the

system associated with injection of the warm cells is negligible

(maximum of 2°C at an operating temperature of -20°C) and occurs

very rapidly due to the small packed cell volume and turbulent mixing.

The result is that the red cells are in an environment which has equilibrated
thermally and chemically within one to two seconds or less after injection.
This means that the cells see essentially zero pre-exposure to hypertonic
conditions before experiencing the temperature drop. Morris et.al.

have demonstrated that for these conditions the thermal shock effect

is negligible [30].

Experimental Procedure for the Hypertonic,

Iso-osmotic Temperature Perturbation Mode

System preparation for this mode is identical to that of the
previous section in all respects except the thermal protocol, since
in this case the test cell experiences a temperature drop during
part of the experiment. The typical procedure for these so-called
thermal shock experiments is taken from the examples of Lovelock and
Morris et.al. [27,30]. The red cells are mixed with the chosen

hypertonic solution at a relatively high temperature (25°C) and are
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exposed to this concentration and temperature for a given length of
time. Without changing concentration, the temperature of the cell
suspension is reduced at a known rate to a lTower temperature. In most
cases this temperature was 0°C, which is high enough to prevent solute
concentration increases due to solution phase changes. The cells are
sampled for hemolysis immediately after reaching the minimum temperature
[30]. In the present set of experiments, the high temperature is
ambient (26°C) and the minimum temperature is 0°C. The packed cells

and hypertonic solution are injected into the test chamber and remain

at ambient temperature for a chosen exposure time. Pressurized nitrogen
is pumped through the liquid nitrogen heat exchanger cooling the refri-
geration flow path upstream of the test chamber. Cooling for these
experiments is accomplished manua]]y. The refrigeration flow stream is
directed away from the test chamber until cooling is initiated. At this
time the refrigerant flow passes over the test chamber and the rate of
temperature drop is controlled by adjusting the flow rate of refrigerant

with a valve.

This method will reproducibly yield cooling rates of 10°K/min
(+ 1°K/min) from 26°C to 0°C and the 0°C value can be maintained within
1°C accuracy quite easily. The therma] diffusivity of the present
test chamber 1imits the maximum cooling rate to approximately 10°K/min.
The temperature and hemolysis histories are recorded on the dual channel
strip chart recorder in the same manner used for the osmotic perturbation

mode.

The photocell voltage data are reduced as before and the calibration

curve is used to derive the hemolysis kinetics for this perturbation mode.
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Again, there are five to ten experimental runs at each set of conditions
to provide a statistically significant representation of the population

behavior.

A complete investigation of the kinetics due to this mode would

involve varying the following parameters: initial temperature, minimum

temperature, cooling rate, hypertonic concentration and exposure time.

Control Experiments

The stability of the optical system is checked by inserting a
solution of normal saline with no cells into the optical chamber after
the system is warmed up. At the reference photocell voltage chosen
for normal saline (8 volts), the output of the photocell remains constant
to better than *+1% for periods exceeding six hours. This test
establishes the stability of the basic optical components including the
tungsten source and power supply, as well as the photocell detector

and amplification circuit.

Packed red cells mixed with normal saline should produce a steady
photocell signal because volume changes and hemolysis do not occur.
If the 14 second artifact is neglected for the moment, the photocell
output as a function of time (Figure 3.1)shows a maximum average
deviation of 2% from the initial voltage for periods up to twenty
minutes. This translates to approximately 1/2% uncertainty in the

hemolysis derived and can be considered negligible. In addition to
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demonstrating that volume changes are not occurring, this test demon-
strates that the device does not produce mechanical damage (at least

for cells in normal saline at ambient temperature.)

If the photocell voltage output were a function of temperature, the
method of data retreival would be considerably more difficult than if
it were not. Figure 3.2 which describes a control experiment for thermal
shock (temperature perturbation mode of damage) reveals that the system
is not sensitive to temperature. The top trace is the temperature history
showing a two minute isothermal period at +24°C before cooling at
about 9°K/min to 0°C. The bottom trace is the photocell output showing
the typical 14 second artifact followed by a steady state after the
packed red cells are mixed with normal saline for a final nominal
hematocrit of 4%. One notices that with the exception of small fluctuations
within the limits defined in the previous control, the output signal is
uniform both while cooling and during the period at 0°C. This result
means that the output is not a function of temperature within the
temperature range +24°C to 0°C and further that red cells in normal
saline are not affected by a 24°C temperature drop, in agreement with the

results of Morris et.al. [30].
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Chapter 4

Experimental Results for Hemolysis Kinetics
Produced by Isothermal, Osmotic Perturbation

and by Iso-osmotic, Thermal Perturbation



This chapter includes presentation of the experimental results
for hemolysis kinetics due to hypertonic osmotic perturbations and
subsequent manipulation of the data into forms most useful for the
purposes of computer analysis of freeze-thaw simulations and thermo-
dynamic modelling. It also contains data for hemolysis resulting from
thermal perturbation. The complexity of the latter type of data is

discussed and the rationale given for obtaining a limited amount of

these data at the present time.

Hemolysis Induced by Isothermal,Osmotic Perturbation

A1l of the initial osmotic perturbation experiments were done
at ambient temperature primarily for convenience and the fact that long
exposure time hemolysis data for various NaCl concentrations were
available in the literature; hence the validity of this technique and
the accuracy of the apparatus could be checked. Figure 4.1 shows a
representative example of photocell voltage output as a function of
time for the case of mixing packed cells into a hypertonic solution
of 3.0m NaCl. After the bulk flow is stopped, the cells have reached
minimum volume instantaneously with respect to the characteristic
times of minutes shown in this figure. At time zero the cells are at
minimum volume and they are sedimenting down the length of the observation
chamber at 0.5cm/hr, past the section of the chamber where the regulated
1ight beam passes through the column. If the cells were not hemolyzing,
the photocell output would remain constant as was shown in the control

experiment for red cells in normal saline. In the present example,
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the 1ight intensity reaching the photocell increases with time.

The reason for this is that as the cells are damaged they are no longer
as effective in scattering the incident beam and more light is trans-
mitted directly to the detector. As progressively more and more cells
hemolyze, the signal continues to increase, and the result is as shown
in the figure cited. One notices even in these raw data that the
kinetics are a function of time, namely that the reaction proceeds in

a relatively rapid manner at short times, followed by transition to

a much slower rate. This tendency is found to be a general one as
illustrated in Figure 4.2 which is the summary of osmotic perturbation
data at 298°K. The curves shown represent the hemolysis histories for
six different hypertonic exposure conditions and are plotted as

Tog(% hemolysis) as a function of Tlog(exposure time). Each number

in parentheses to the left of the solid curves is the number of experimental
tests run to determine the response corresponding to those particular
conditions. The data to the right of the figure are from Soderstrom
[50] for long exposure times (no kinetic data). Extrapolation from the
present results by the dotted Tines to the Soderstrom data indicates a
very good correspondence between the two sets of data. Although the
transition from a rapid rate to a slower one is Tess pronounced at
concentrations of 2.45m and 2.94m, the average time dependence of hemo-
lysis for exposure times less than or equal to one minute is t0‘97,
whereas for times greater than three minutes the time dependence is as

0.51 at 1.0m and as small as tO'06

large as t at 3.94m (see appendix G).
For the present, only simple freezing and thawing protocols will
be considered; namely, only those situations are considered which result

in the cell being exposed to any one concentration for one minute or less.
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Working with only these short exposure time data helps considerably
in simplifying the data and reducing it to a general form. Actually
this restriction does not eliminate considering and simulating many

of the cryopreservation protocols commonly encountered.

Focusing our attention on this type of short exposure time data
and assuming for each case that the amount of hemolysis (%H) can be
expressed as

(4.1) %H = a(time)b

where in the general case, a and b could be functions of temperature

and concentration, all of the data were curve-fitted to the above

form with an H-P 25 power curve-fit program. For a temperature of

298°K, the parameter b does not appear to be a function of concentration.
The average value of b for the five concentrations was 0.97 and there

is no discernable trend in the individual values scattered about this
mean. The assumption is therefore made that during the initial stage

of the hemolysis kinetics, the reaction is a linear function of time.

As a result of this assumption, a simple expression is derived for the

hemolysis reaction rate:

d(m) _
(4.2) A——é—t——)——a

The values of a from the five curve-fits, in contrast to the b values,
show marked dependence on the concentration. The hemolysis reaction
rate (A) as a function of the molality of the sodium chloride solution
is shown in Figure 4.3. These data arealso curve-fitted to a power

curve form and the result with a correlation coefficient r = 0.99

N



102
- 298 °K

A (% MIN)
Q

A= (412 x 1078)-
(MOLALITY)303

r=0.99

] L1 1111

MOLALITY

Figure 4.3 Hemolysis Rate A as a Function of Sodium Chloride Molality

at 298°K and Exposure Times < 1.0 Minute.
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is that the damage reaction rate is related to the solution molality

by the fifth power. There is no a priori reason why the reaction rate
data would be expressed best as a function of one measure of concentration
rather than another. For this reason, alternate expressions for con-
centration were considered and the reaction rate data were replotted.
Figure 4.4 suggests that an equally acceptable interpretation of the data
(r = 0.99) is obtained when fitting the reaction rate as a function of
the solution water activity. Incidentally, this water activity for

the cell freezing situation would be both the intracellular value and
the extracellular value since due to the large membrane water
permeability for the red cell, rapid transmembrane equilibration occurs
[44]. It is conceivable that when cells are frozen in solutions more
complicated than the simple water-sodium chloride system chosen here,
then a Timited number of components of the solution (possibly just one)
would be most responsible for damage. In such cases, following the
kinetic behavior with respect to that component would yield the most
information. A likely candidate for this component would be the salt
present in the solution. Figure 4.4 predicts a substantial increase

in the damage reaction rate when the solution water activity is reduced.
This is true in the simple binary system because a reduction in the
water activity is accompanied by an increase in salt activity. This
figure would probably not be valid for the ternary system water-glycerol,
sodium chloride. The addition of a glycerol and salt solution to a
solution of water and salt (for equal salt concentrations in both
solutions) would Tower the water activity at a constant salt activity.
If the reaction proceeded at the same rate as it did initially, then
attention should be focused on the salt concentration and a curve fit

like that of Figure 4.5 would be most useful. The correlation coefficient

for this fit is as large as those for the other two fits, so for the
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Figure 4.4 Hemolysis Rate A as a Function of Water Activity at

298°K and Exposure Times < 1.0 Minute.
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binary system there is no preferential method of expressing concentration
in terms of curve-fitting alone. The data arealso nicely fit in one
other form which is most interesting from the standpoint of thermo-
dynamic modelling. This matter will not be fully discussed until a
later chapter, but the form will be presented after the effects of

temperature on the reaction rate are reviewed.

Red cells experiencing osmotic perturbation at 2.45m NaCl will have
lower reaction rates if the isothermal temperature at which the reaction
is proceeding is at a lower absolute level. Figure 4.6isa summary of
the results for the three temperatures 25°C, 10°C, and 0°C. For this
temperature range, two effects are noticed. Firstly, the reduction in
temperature causes the reaction to be slower for short exposure times
even though the curves converge at longer times. Secondly, the transition
from a fast reaction to a slower reaction which was apparent at the
higher temperatures (298°K) is moved out to longer times (+10°C) and

eventually disappears (0°C) within the exposure times investigated.

The composite effect of temperature and concentration on the reaction
kinetics is seen in Figure 4.7. The same general trend is observed in
both sets of concentration data. The difference is that at higher
concentrations the data are displaced vertically, suggesting a more
destructive condition. As before, with temperature changes there is
lateral displacement of the time at which a transition is made between
a rapid rate and a slower one. The fast portion of the damage kinetics
at temperatures as high as 322°K would appear to be finished at quite
short exposure times (30 seconds or less). Once again the data appear

to converge at longer exposure times. It is apparent from these data
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that temperature reduction can reduce the damage kinetics. It is also
obvious that a scheme involving temperature reduction and increased
concentrations (analogous to the freezing situation) has some trade-offs.
For example, red cells may be placed in the higher concentration

(3.43m NaCl) and suffer less damage than those in a Tower concentration
(2.45m NaCl) if the temperatures of the respective solutions are 271°K
and 298°K. However, this conclusion is only valid if the cells have
been in the solutions for about 12 minutes or less. For storage times
Tonger than this, the beneficial effect of the lower temperature is
outweighed by the greater concentration and the cells in 3.43m NaCl

continue to hemolyze at an appreciable rate.

An Arrhenius reaction rate temperature dependence is considered and
the short exposure time reaction rates for the three temperatures shown
in Figure 4.6will be plotted. The ratio of the reaction rate at a given
temperature AT divided by the rate at 298°K, A298°K’ is derived and
plotted as a function of inverse absolute temperature in Figure 4.8.

The apparent activation energy for the hemolysis process is 7.3Kcal/mole
at a concentration of 2.45m. The implications of the magnitude of this
energy will be discussed Tater when the thermodynamic model is developed.
If one extrapolated these data to lower temperatures, the conclusion
would be that the reaction rate can be very much depressed with further

temperature reduction. Unfortunately this is not the case.

The osmotic perturbation induced hemolysis of red cells at a
concentration level of 2.94m NaCl proceeds at the same rate whether the
reaction occurs at 271°K or 262°K. The data from these two experiments

with standard error bars are shown in Figure 4.9. Although unexpected,
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Figure 4.8 The Effect of the Isothermal Temperature Set Point on the

Hemolysis Rate at 2.45m NaCl.

79



294m NACL
262°K §

- 271°K  §

PERCENT HEMOLYSIS
o

o 1 L L 1 1Lt

0 TIME (MIN) 1o

Figure 4.9 Collapse of the Hemolysis Rate to a Single Value for
a Change in the Isothermal Set Point Temperature from

271°K to 262°K at 2.94m NaCl.
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this effect is not unique to this system. Lovelock observed that cells
in concentrations ranging from 1.0M to 4.0M NaCl were insensitive
to differences in storage temperatures for five minute exposure times

when temperatures between 0°C and -12°C were chosen [27] (Figure 4.10).

Table 4.1contains the reduced form of all of the experimental data
taken for the hypertonic osmotic perturbation mode for hemolysis
production. The reaction rate data are given in terms of a and b as
defined by equation 4.1. The number N is the number of experimental
runs done to define the average values of a and b. The square of the
correlation coefficient r2 is given as well as the time range (in
minutes) where the curve-fit defining a and b is valid. The information
is cross-tabulated for temperature and concentration. Since the
kinetic data were not found to be particularly well suited to curve
fitting by any one concentration scale, four quantities at each con-

centration are given as a matter of convenient reference.

The form of the hypertonic kinetic data most useful for the
thermodynamic modelling is obtained by graphing 1ogeA as a function of
-1ogeaw (Figure 4.11). Curve-fitting yields the expression:

_2)

(4.3) A= (9.078 x 10 EXP (-39.98 1ogeaw)

at 298°K and the expression:
2
)

(4.4) A= (9.115 x 10™°) EXP(-26.70 1ogeaw)

at the low temperatures.
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Fig. 6. The haemolysis which occurs when red
blood-cells are suspended for 5 minutes in NaCl
solutions of various strengths at different sub-
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Figure 4.10 Non-Variant Hemolysis Percentages for 5-Minute
Storage at Various Sub-zero Temperatures (reproduced

from reference [27]).
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molality = 3.94m | b=0.97 |b=1.22 be0.90
2na., = -1.578x1 0‘] r2=O- 99 l‘z =(0,99 ?‘2'0.97
W x,=0.1237 0.5 ©3.000.5 080 0.3 ® 1.0
N=7 N=6 N=7
ay = 0.875 a=2.85 a=20.00 | a=22.81
molality = 3.43m b=1.20 b= 1.19 |b= 0.27
Lnay = -1.335x10-1 r2=0.99 r2=0,98 | r2=0.96
< x4=0.1099 0.6t 6.0 0.3t0 1.0§ 0.3 2.0
O
'&‘ N=9 N=6 N=9
1 ay = 0.896 a=1.59 |a=1.96 a=8.04
b= | molality = 2.94m b=1.11 | b=0.96 |b=0.81
2 | wnay = -1.098x10-1  |r2=0.99 |r2=0.99 r2=0,93
LJ %=0.0957 lo.5 ton.g 1.0 to 6.0 0311.0
O
g N=5 N=5 N=12 N=3
O ay = 0.914 a=0.91 |a=1.47 |a=3.35 |a=3.55
molality = 2.45m b=0.81 |b=0.80 |b=0.81 |b=0.40
na, = 8.992x10-2 r2=0.99 |r2=0.99 |r2=0.97 |r2=0.99
x4=0.0811 0.5t03.0]0.5t04.0§0.3to 1.0 | 0.3 1 5.0
N=4 N=3 N=5
ay = 0.932 a=0.82 |a=0.47 a=1.403
molality = 1.96m b=0.80 [b=0.81 b=1.16
fnay = 7.042x10-2 r2=0.99 |r2=0,98 r2=0.99
X¢=0.0659 0.5 to 7.(11.01::10.0 0.3t 1.0
b=0.97 for 14 data points not including 322°K data
Table 4.1 Master Chart of Hemolysis Rate.. Curve-fit Parameters for all

of the Isothermal, Osmotic Perturbation Experiments

Cross-Tabulated for Temperature and Concentration.
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Figure 4.11 Hemolysis Rate A as a Functioh of - Loge(aw)
at High Temperature (298°K) and Low Temperature
(273°K, 271°K, 262°K).
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This representation contains all of the kinetic information given
in Table 4.1and shows the interactive nature of the temperature and
concentration on the hemolysis kinetics. Three reference concentration
levels have been superimposed on the figure: isotonic and the eutectic
in addition to the 0.8M concentration where Lovelock first observed
freezing damage [24]. The molality scale is given at the top of the
graph for quick transformation from the -1ogeaw abscissa scale. It is
clear from this plot that the low temperature kinetic data group
together and that as a result nothing beneficial is gained by lowering
the temperature from 273°K to 262°K. The red cells are more sensitive
to temperature changes at the higher concentrations as revealed by the
divergence of the two straight lines. The red cells are insensitive to
temperature at isotonic conditions if the extrapolations made are valid

(see Figure 4.11).

Hemolysis Induced by Iso-osmotic,Thermal Perturbation

In this section the so-called "thermal shock" mode of producing
hemolysis is considered. Thermal shock or, what in this thesis is being
termed iso-osmotic thermal perturbation, is one of the means by which
hemolysis can be produced in red cells. This phenomenon occurs when
red cells are rendered susceptible to temperature drops by a preliminary

exposure to a hypertonic medium.
The data of Lovelock [27,34], Morris et.al. [30], and Daw et.al.

[32] clearly demonstrate the complex nature of the thermally induced

damage phenomenon. The amount of hemolysis produced in a sample of red

K



cells in a saline solution is a function of: the concentration of the
solution, the initial temperature before cooling is begun, the exposure
time to the hypertonic solution before the solution is cooled, the
magnitude of the temperature drop, and the cooling rate used. To
familiarize the reader with these effects, examples of each will be

taken from the literature and discussed briefly.

The effect of the exposure time to the hypertonic solution prior
to dropping the temperature is shown in Figure 4.12 which is reproduced
from the work of Morris et.al. [30]. The plot is for the cell population
recovery percentage as a function of the Togarithm of the exposure
time prior to the temperature drop (in minutes). The three sets of data
shown are for different concentrations of sodium chloride (1.0m (o),
1.2m (o), and 1.5m (B)). In each case the cells were exposed to the
hypertonic solution at *t25°C, and then after the chosen exposure time
had elapsed, the cells were cooled from +25°C to 0°C at 75°C/min.
Hemolysis measurements on these washed cells were made immediately
after reaching 0°C. These data show that very short exposure times to the
hypertonic solutions before cooling do not produce much damage. For
times between 0.1 and 5.0 minutes, recovery decreases with increased
exposure time and increases for times between 5.0 minutes and 60 minutes.
The cell population response appears to differ in magnitude but not
in the characteristic shape of the recovery versus time curve for the
different concentrations. For example, maximal damage occurs at 5 minute.
exposure times for all three concentrations. The dependence of recovery
on concentration is not explicit in this graph; however, it is apparent

that increasing the tonicity of the salt increases damage.
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If the concentration of the solution, the exposure time, as well as
the cooling rate are fixed, then the amount of hemolysis produced can
be altered by changing the exposure temperature and the magnitude of the
temperature drop. Lovelock studied this effect and the results are
depicted in Figure 4.13 [27]. These data are for washed cells exposed to
1.0M NaCl for 5 minutes. In general, less hemolysis is produced for any
given temperature drop (AT) if higher initial temperatures are chosen.
It also appears that as the initial temperature is increased, quite a

large drop is necessary before any significant hemolysis is produced.

The cooling rate also affects the recovery percentage with the faster
rates producing more damage. Figure 4.14, reproduced from the work of
Morris et.al. [30] shows this dependence for washed red cells cooled
from +25°C to 0°C after a 5 minute exposure at +25°C to one of the three
concentrations (1.0m (o), 1.2m (e), 1.5m (O)). Substantially different
recoveries can be realized by varying the cooling rate, especially at
the higher concentrations, but a change in the cooling rate of two to

three orders of magnitude is necessary to accomplish this.

The apparatus developed in the present work was used to duplicate
a set of thermal shock conditions chosen from the literature as a
demonstration of the capability of this device for producing thermal
perturbation data that is in agreement with literature data. Figure 4. 14
predicts that approximately 17% of a red cell popu]atioh would be
hemolyzed if the cells were exposed to a solution of 1.0m NaCl for five

minutes at +25°C before cooling at 9°C/min to 0°C.

Packed red cells were injected into the test chamber of the apparatus
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at ambient temperature (27°C) and five minutes exposure time elapsed
before initiating a cooling of the chamber. The cooling rate was
9°K/min to the minimum temperature of 0°C. Figure 4.15 shows the raw
strip chart recorder data for a run of this type. The upper trace

is for the temperature of the chamber and the lower one is the amplified
voltage of the photocell. The photocell output clearly shows the
initial artifact discussed in the operational characteristics section
of Chapter 2, and also shows why it is not important. After the

14 second transient, the photocell steady state output is reached. For
cells in 1.0m NaCl at 300°K, Figure 4.2allows one to estimate damage at
less than 2% for a five minute exposure. This is the reason the
photocell output remains constant while the temperature is at 27°C.

By the time a temperature of 0°C is reached, after cooling at 9°K/min,
the photocell is obviously responding to the hemolysis taking place
within the chamber. The calibration curve was used to reduce these
data to'percent hemolysis as a function of time, and the data averaged

for five experiments are graphed in Figure 4.16.

The horizontal 1ine on the graph is the 17% value of hemolysis
found by Morris et.al. for these experimental conditions. The
correspondence appears to be very good, for after eight minutes had
elapsed once cooling was initiated the hemolysis percentage asymp-
totically approached the 17% level. The exact time when the Morris
et.al. data was taken, relative to the initiation of cooling, is not
specified in their procedure. Although the thermally shocked solutions
were sampled immediately after reaching 0°C, the procedure used to
measure hemolysis involves centrifugation, conversion of a sample

supernatant volume of hemoglobin to cyanmethemoglobin by mixing with

a1l
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Figure 4.16 Hemolysis as a Function of Time After Initiating Cooling
for Erythrocytes Exposed to 1.0m NaCl for 5 Minutes Prior

to Cooling at 9°K/min From 300°K to 273°K.
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Drabkin's reagent, and absorption measurements on a spectrophotometer [ 30 ].
This entire process is likely to take at least several minutes and probably
more like five to ten minutes. In accounting for the cooling time from
+25°C to 0°C at 9°C/min, which is 2.8 minutes, an estimate of the total
elapsed time is between 5 and 13 minutes. If it is assumed that the
quasi-steady state or asymptotic hemolysis value was the one measured

by Morris et.al. (i.e., assuming that the 13 minute time is a more

accurate estimate than 5 minutes), then a very reasonable agreement

is attained.

To model a dynamic process such as freezing, the hemolysis kinetics
are essential and the "asymptotic" values of thermal shock just discussed
are less useful in comparison although they do indicate the relative
effects to be expected from changing the various parameters such as AT,
the cooling rate, etc. Therefore the new apparatus has added a dimension
to the study of thermal shock experiments since kinetic data are
accessible for the process and one is no longer Timited to measurement
of the quasi-steady state amount of hemolysis produced after the

temperature drop has occurred.

Some interesting aspects of the thermal shock process are revealed
as a result of this ability to access short-time data. For one thing,
as the raw data in Figure 4.15 suggest, hemolysis does not occur for these
experimental conditions until over two minutes have passed after cooling
begins. Visual resolution of 1/2 of one small vertical division on the
strip chart corresponds to a theoretical resolution of approximately 1%
hemolysis at these photocell voltages (see appendix H ). This sort of

delay associated with exceeding the 1% hemolysis level was not apparent



in the isothermal, osmotically induced damage mode. Once hemolysis is
evident for the thermal shock mode, the reaction rate is a much stronger
function of time than it is for the case of the isothermal, osmotically
perturbed damage. Using the three minute and four minute data points

of Figure 4.16a curve-fit of the mean hemolysis values versus time gives
the relation

(4.5) % Hemolysis = (4.69 x 1072)t3-57

whereas the osmotic perturbation mode was linear.

In conclusion, the kinetic data obtained for this mode of damage
appear to be of a different form than those obtained for the isothermal,
osmotically induced damage. There is, at present, no explanation for
why the kinetic data should be different for the uncoupled perturbation
modes presented in this chapter. Furthermore there is no known method-
ology by which to re-couple these two kinetic behaviors into a general
kinetic interpretation that could be used for freeze-thaw simulations
on the computer. Therefore, rather than pursuing an extensive experimental
study of the thermal shock kinetics at this time, an effort has been made
to model the general hemolysis process thermodynamically. The model
developed provides a means by which to re-couple the two modes of damage
and serves as a basis for understanding existing kinetics of both types.
The model can also serve as a guideline for future experimental work
particularly on thermal shock kinetics where so many parameters are

known to be involved in determining the total amount of damage produced.

L



Chapter 5

A Thermodynamic and Kinetic Model for a Membrane

Dissolution Theory of Hemolysis
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In this chapter the hypothesis that hemolysis occurs by partial
membrane dissolution is presented and a thermodynamic and kinetic model
of this process is developed. The theory that hemolysis is a result
of membrane dissolution is supported by the observations of Lovelock
and Morris; thus their evidence is used as a starting point for the
construction of a thermodynamic and kinetic model of the hemolytic
process. The data of Lovelock and Morris suggest that mass transport
of vital'membrane components away from the membrane can proceed to
the point that the membrane becomes increasingly permeable to intra-
cellular molecules, even large molecules such as hemoglobin, thereby

providing the means for hemolysis.

Evidence for Membrane Dissolution Theory of Hemolysis

Lovelock studied the relative stability of red cells with respect
to several forms of stress, including exposure to concentrated salt,
thermal shock, neutral absorbent, thermal gradients, etc. [27,34,52].
The quotes given below summarizing some of his conclusions are
especially relevant to the problem of interpreting the kinetic data
presented in the previous chapter. For example, he concludes: "The
exposure to concentrated salt solutions causes first an increase in
permeability of the cell membrane and finally complete dissolution
of the cell. This appears to be due to the dispersion of 1ipids and
Tipoprotein from the cell membrane under the influence of the solvent
action of concentrated salts." [34 ] The results of his studies also

. suggest that the dissolution takes place in two steps. First there

is a rapid loss of superficial or surplus material which is not
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immediately harmful. Thereafter the rate of loss of membrane com-
ponents is closely proportional to the rate of hemolysis. This suggests
that any further loss of material from individual cells leads to

their rapid and complete destruction." [ 53 ] One way to remove
membrane components is to repeatedly wash the cells in fresh normal
saline. Lovelock found that after washing the red cells in normal
saline five times, the concentration of 1ipids in the suspending medium
was normally: cholesterol 22ugm/ml, phospholipid 20ugm/ml, lipoprotein
18ugm/m1. Regarding the transient nature of this process, he found
"... that 1ipids and lipoprotein rapidly diffuse from red blood-cells
suspended in fresh 0.16M sodium chloride. After about 3 minutes, an
equilibrium level of these components is reached and the loss from

the cell falls to a Tow value. The equilibrium concentration of lipids
and of lipoprotein in the suspending medium did not appear to represent
a simple saturation of the medium with these substances."[53 ] If
these levels represent concentrations which are in chemical potential
equilibrium with each respective component in the cell membrane, then
each time the cells are washed and placed in fresh saline, additional
membrane components must diffuse away to restore equilibrium concen-
trations of these species in the medium. This effect does occur as
Lovelock's results shown in Figure 5.1 demonstrate. The percentage
loss plotted for each component is based on the percentage of the
composition of the test cells before treatment. The species considered
are lipoprotein (+), volume (M), cholesterol (®), phospholipid (x),
and hemoglobin (o). It is apparent that as washing is continued, more
material is lost, although most of this loss is seen in the first few

washes. This response would be expected from Lovelock's contention that
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Figure 5.1 Removal of Cell Membrane Components by Repeated

Washings in Normal Saline (reproduced from reference

[53]).
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there is a superficial layer of mem