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NOMENCLATURE
-8 2
Surface area per cell, 155 x 10~ cm.“/RBC
Free drug concentration in the suspension medium

Serum bound drug concentration in the suspension
medium

Total drug concentration associated with cells

Concentrations of drug in the donor
side of the dialysis chamber

Unbound drug concentration in the cell interior
Total concentration of drug inside the cells

Concentration of drug that is bound to cell - associated
Langmuir sites

Concentration of drug in the receiver side of the
dialysis chamber

Concentration of drug that is bound to the plasma
membrane and linearly related to C

Total drug concentration in the suspension medium
Disintegrations per minute

Fetal bovine serum .

Volume occupied by cells in 1 ml. of cell suspension

Intrinsic partition coefficient, defined by equation (8)

Digitoxin - fetal bovine serum equilibrium binding
constant

Intrinsic plasma membrane — drug equilibrium binding
constant, defined by equation (14)

Experimental plasma membrane — drug equilibrium binding
constant, defined by equation (3L4)

Digitoxin -~ human hemoglobin equilibrium binding constant

Ouabain — fetal bovine serum equilibrium binding constant

Effective partition coefficient, defined by equation (37)



Experimental partition coefficient, defined by

K
ex equation (32)

KI = Drug - erythrocyte equilibrium dissociation constant

k = Overall Langmuir rate constant, ml.RBC/mole

kg = Langmuir adsorption rate constant, cm./sec.

kr = Langmuir desorption rate constant, moles/ cm? S€Ce

N = Number of erythrocytes in 1 ml.RBC, l.15 x loloRBC/ml.RBC

P = Intrinsic permeability coefficient, cm./sec.

Pe £f = lélgz‘c)active permeability coefficient, defined by equation

Q = Maximum amount of drug that can bind to cell - associated
Langmuir sites per cell

Rf = Rate of cellular Langmuir adsorption

Rr = Rate of cellular Langmuir desorption

T = Total amount of drug in 1 ml. of cell suspension

t = Time, min.

t%_ = Half-life to equilibrium, min.

e = Fraction of cellular Langmuir sites occupied by drug
molecules

S = Fraction of serum (or hemoglobin) in the medium

\'f = Volume of medium in 1 ml. of cell suspension

v, - Volume of cell, 87 x 1072 cm3/RBC

KEY TO OTHER SYMBOLS USED IN THE TEXT
1 t ?
The symbols ( a, a , by, b, ¢, ¢ etc. ) used to define algebraic
expressions for a particular model are defined explicitly in each model

and are not interchangeable between models.

xiii



INTRODUCTION

Much attention has been directed in recent years by scientists of
various disciplines to achieve a better understanding of the mechanism
of drug transport across membranes. At one extreme, in vitro studies
utilizing model biological membranes such as monolayers, lipid bilayers,
interfacial films of oil-water emulsion droplets and gelatin-oil coas-
cervates have been carried out on the basis that principles which regu-
late the transport of real and complex systems may be elucidated from
these simple systems (1 — 4). At the other extreme, there have been
numerous in situ investigations of drug transport across the gastric,
intestinal, rectal, buccal and cutaneous walls of animals and man (5 -9).
Furthermore, transport studies have been conducted using a variety of
suspension cultures as well as human and animal erythrocyte suspensions.
These cell suspension sytems, combined with the proper use of physico-
chemical theories and well designed experiments, are most useful in
that they may provide a method that allows for the quantification of
parameters that play an important role in drug activity behavior.
Ultimately, it is the hope that the cell suspension system approach
may answer questions such as cellular drug delivery and bioavailability
at the site of action, it may be utilized for the design of proper
dosage regimens or it may aid in the appraisal of advantageous modi-
fication of the drug itself.

Numerous physical and chemical models have been proposed to account
for different transport mechanisms. Some of these models, such as
those postulated for the active transport of certain ions (10) and
the carrier—facilitated diffusion of many sugars across the erythro-

cyte membrane (11) may have some truth to them, but are still purely



hypothetical and the lack of knowledge of the precise mechanism for
these systems makes their critical evaluation impossible. Very re-
cently, some most promising physical models for the diffusional
transport of drugs across cell membranes have been described and ex-
perimentally substantiated (12) which, in turn, have provided the
impetus for this study.

In the present investigation,'an attempt has been made to develop
suitable methodology for a cell suspension transpdrt study using human
erythrocytes as the experimental model. Although the red cell is one
of the simplest in nature, it was selected for this investigation be-
cause of its physiological significance, its ready availability, its
robust nature which allows for high speed centrifugation without
serious damage, its small but rather homogeneous cell volume, its
relative stability in various artificial suspension media as well as
the fact that it possesses the commom fundamental cellular feature of
regulating the uptake and release of substances.

The main objective of this study has been (a) to develop the human
erythrocyte suspension system such that it would allow for the quantita-
tive analysis of cellular uptake and release of the cardiac glycosides
ouabain and digitoxin by physicochemical techniques and (b) to derive
mechanistically instructive physical models which are capable of ex-
plaining the kinetic data as well as provide a quantitative assessment
of some significant transport parameters of these drugs possessing dis-
tinct characteristics such as plasma membrane and serum binding.

The major contribution of this investigation to drug transport
studies has been the derivation and successful evaluation of physical

models which are believed to be mechanistically unique.



LITERATURE REVIEW

General Transport Studies

The amount of work published on transport studies involving cell
suspension systems is voluminous. Basically, these studies fall into
one of three categories. They are concerned with either (1) active
transport, (2) carrier-facilitated diffusion or (3) simple diffusion.
Many of these studies are of a qualitative nature with few attempts
made to explain the results in a quantitative manner.

(1) Active Transport — The highly selective nature of the erythro-
cyte membrane towards sodium and potassium has been of great interest to
cell physiologists for many years. The movement of these ions against
a concentration gradient has led to the stipulation that the transport
mist be of an active nature involving chemical energy. Some indications
have been obtained that show that the energy for the transfer of sodium
and potassium across the membrane is provided by the hydrolysis of ATP.
Several models have been proposed to explain in molecular terms the active
transport phenomenon and have been summarized by Caldwell (10).

(2) Carrier Facilitated Diffusion - Transport studies with several
monosaccharides revealed that the rate of uptake was not dependent on the
concentration difference (11,13). A carrier mechanism was postulated to
account for the passage of these sugars across the erythrocyte membrane.
The carrier was assumed to be in the lipid region of the membrane and to
react with the sugar at one surface in order to form a carrier complex.
This sugar complex was then assumed to diffuse across the membrane in the
direction of its concentration gradient and liberate the sugar molecule
‘into the cell interior. Although experimental agreement was found with

the mathematical model for this carrier—facilitated'diffusion, it should



still be stressed that the carrier—facilitated diffusion models re-
main hypothetical.

(3) Simple Diffusion — The hemolytic action of fatty acids was
investigated by Bodansky (14) and related to permeability and l1lipid
solubility. It was shown that the rate of diffusion of the acids in-
creased with increasing size of the non-polar groups and for a given
fatty acid, within a limited range of concentrations, the rate of dif-
fusion was determined by the concentration. In this early study the
author recognized that the hemolysis technique which he used to study
the rate of transport of molecules may not have been ideal since the
changes produced in the erythrocyte membrane up to the point of complete
hemolysis could give erroneous results.

The relative rate of penetration of the lower saturated monocarboxylic
acids into erythrocytes were investigated by Green (15). A rapid mixing
chamber apparatus was developed and used in conjunction with a spectro-
photometer to measure the relative rates of penetration of the acids.

The measurement of penetration depended upon the experimental observation
that oxyhemoglobin dissociates to a new equilibrium with an increase in
the hydrogen ion concentration inside the cell. The C to C

1 5
appeared to penetrate in the order of their relative solubility in oil.

acids

The author concluded that molecular size of the 06 to 08 acids may be

the limiting factor in the rate of penetration and that these higher

molecular weight acids of the homologous series may represent a balance

of the opposing forces, increasing molecular volume which tends to re-

tard penetration on the one hand and increased solubility in lipid

regions which, on the other hand, tends to increase the penetration rate.
Holder and Hayes (16) studied the diffusion characteristics into

erythrocytes of eight sulfonamides including five carbonic anhydrase



inhibitors and three anti-bacterial drugs. The penetration rates of
these drugs were measured both from whole plasma and from buffered
saline media. All drugs appeared to diffuse passively along the con-
centration gradient into the cells. The rate-limiting step in the
passage of these drugs was considered to be the plasma membrane. The
aqueous diffusion layer was of little significance in affecting the
overall rates of penetration. The authors concluded that the two most
important characteristics which influenced the drug uptake rates are
plasma - drug binding and lipid solubility, but failed to factor out
these effects in their physical model.

Some general physical models for the diffusional transport of drugs
across membranes of cells in culture suspensions were described by Ho
et al. (17). These models, with modifications to account for particular
characteristics of the diffusing solute molecules, such as membrane -
and serum - drug binding, have been pfoven to be most successful in
connection with several systems (12).

The uptake of cholesterol by Burkitt lymphoma cells in culture sus—
pension was investigated by Turi et al. (18). The experimental data
were evaluated by a physical model involving the rapid equilibration of
the solute in the cell interior after permeation through the plasma mem—
brane. Excellent agreement was found between the experimental data and
the predictions by the model. Effective permeability and partition
coefficients were calculated and found to be a function of the fetal
bovine serum level used. The results were consistent with the mechanism
in which only the unbound solute in the external medium participates in
the transport processe.

The same authors studied the kinetics of uptake and release of



desmosterol, cholesterol and B —sitosterol by Burkitt lymphoma

cells (19). All three sterols were found to bind to the fetal bovine
serum that was present in the external medium. Effective permeability
and partition coefficients of the sterols were found to be inversely
proportional to the serum concentration. The experimental data was

in good agreement with the model for the passive transport of the un-
bound sterol molecules across the rate-determining plasma membrane.

The transport properties of three cardiac glycosides were determined
with Burkitt lymphoma cells by Turi et al. (20). Ouabain exhibited no
binding to either the plasma membrane or the fetal bovine serum in the
external medium, digoxin bound to the plasma membrane while digitoxin
was found to bind to both plasma membrane as well as the fetal bovine
serum. The experimental data from uptake and release experiments cor-
related well with the respective physical models for the diffusional trans-
port of the free drug in the external medium.

The kinetics of adenosine uptake into erythrocytes were investigated
by Roos and Pfleger (21). At relatively high adenosine concentrations in
the incubation medium, the rate of drug uptake was observed to be directly
dependent on the concentration of the drug, but at low concentrations of
adenosine, the uptake rate was higher than predicted from simple diffusion
and appeared to be similar to a saturable enzymatic reaction. Based on
these observations, the investigators proposed a model in which the up-
take of adenosine by erythrocytes is the sum of Michaelis-Menten kinetics
and the law of diffusion. Which of the two uptake mechanisms predominated
depended upon the substrate concentration. Evidence for the validity for
this physical model was obtained by comparing the uptake of inosine, adeno-
sine, N6 - methyladenosine and N6 - dimethyladenosine. These four purine

derivatives possess different octanol/water partition coefficients as a



consequence of the different groups at the C - 6 position of the purine
molecule. In the presence of dipyrimadole which inhibited the uptake
due to Michaelis-Menten kinetics, the uptake by diffusion correlated
well with the partition coefficients of the four derivativeé;

Sha'afi et al. (22) investigated the water entry into human erythro—
cytes under an osmotic pressure gradient using a rapid reaction stop -
flow apparatus. The red cell volume changes were determined from 90°
scattered light. The permeability coefficient for water was measured
as 5.3 x 107> cm./sec., whereas the thickness of the unstirred layer
around the red cell was estimated as 5.5 u for their particular experi-
mental conditions.

Physical and Chemical Properties of Human Erythrocytes

Human red cells are the final result of haemopoiesis. After the
mitotic division of primitive, undifferentiated cells the nucleus is lost
from the normoblast as the reticulocyte is formed. At this stage, the
cell still possesses mitochondria, an endoplasmic reticulum and an active
aerobic metabolic pathway. Upon maturation of the cells, the aerobic me-
tabolic pathway as well as mitochondria are lost. It is at this stage
that the cells are released from the bone marrow into the blood circula-
tory system. Thus, the human red cells, possessing neither nucleus nor
mitochondria, are the end result of a series of changes in structure in
the hemopoeitié tissue from a primitive cell to a highly differentiated
one (23).

Once in the blood stream, human erythrocytes are biconcave discs

2

and their approximate dimensions are: volume 87 113, surface area 155 y

‘and outer and inner diameter 8.5 n and 2.5 up, respectively (24). This

intricate structure is advantageous to the cell as it allows for some



swelling without significantly changing the surface area of the cell.

The hemoglobin-free red cell ghost has a mass of 11 to 12 x lO—lBgm.
and a membrane density of 1l.15 gm./cm? (25)e The thickness of the ery-
throcyte plasma membrane was estimated to be 75 R using electron micros—
copy techniques (26) and the equivalent pore radius for human red cells
was reported to be 4.2 ) (27).

The red cell contains approximately 65% water and 35% solids. Of
the solids, the hemoglobin comprises about 32 of the 35% solids; most of
the remaining 3% forms the stroma of the red cell which consists largely
of protein, phospholipid and cholesterol. Inorganic ions in the erythro-
cyte include potassium, chloride, bicarbonate and phosphate; of these,
potassium is present in the largest amount, being comparable quantita-
tively to the sodium of the plasma (28).

The model for the plasma membrane structure is still subject to much
speculation. The most commonly accepted model today is that proposed by
Danielli and Davson (29) which was further modified by Robertson (30).

In this model it is accepted that the backbone structure of the unit mem-
brane is a bimolecular lipid leaflet arranged with hydrophobic tails
opposing each other end to end on the inside and the polar heads on the
outside covered with layers of protein. More recently, several new models
for the ultrastructure of biological membranes have been proposed.

The first challenge to the concept of the unit membrane was raised
by Sjostrand (31), who studied mitochondrial membranes and smooth — sur-
faced membranes of mouse kidney cells using high resulution electron mi-
croscopy technique. Perfectly cross-sectioned membranes showed a definite
‘bridging at relatively uniform intervals between the outer and inner mem-

brane. These observations led the author to the following innovative



membrane model: membranes are made up from many globular subunitse
These globular subunits would exist of lipids in the form of small
micelles with the hydrocarbon end of the lipids extended into the inner
side of the micelles. The polar surfaces of the micelles are coated
with proteins to prevent the fusion of the lipid micelles. Furthermore,
protein molecules, especially those present within the septa, were to
stabilize the globular lipid structure.

Based on much of the information gathered from recent membrane
studies, Green and Perdue (32) produced what they believed to be a more
biochemically acceptable model for the ultra structure of membranes.

Each membrane is assumed to be comprised of a specific lipoprotein re-
peating unit. These repeating units, consisting of a basepiece essential |
for the maintenance of the membrane structure and a detachable sector,

afe characteristic in structure and size for any particular membrane but
may vary considerably in chemical composition and enzymatic function.

Other, more complicated membrane models have been proposed in re-
cent.years and the reader is referred to an excellent review article by
Hendler (33). The overall view at the present time concerning the ultra-
structure of membranes seems to be represented best by the 1lipid bilayer
continuum with local areas either permanently modified or possessing the
. potential for transient modification in order to accomplish certain
specific functions.

The chemical composition of the erythrocyte membrane has been largely
determined from erythrocyte ghosts. The chemical analysis of such ghosts
has shown that the membrane is predominantly a mixture of proteins, phos-
pholipids and carbohydrates. The total phospholipid content was found to

be equivalent to 4el to Le7 % 10"12 mg./ w 2 of cell surface or about 40%
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of the total membrane mass and to consist mainly of a mixture of lecithin,
sphingomylin and cephalin (34-36). A total fatty acid and cholesterol
composition of 105 and 81 ﬂ g x 10—1b/ 112 of red cell membrane, respec—
tively, was reported for the erythrocyte ghosts (37,38). To date, pro-
teins of the red cell ghosts have been the least well characterized of
the membrane components; and this may well be due to the difficulty of
first getting rid of hemoglobin. It has been shown, however, that pro-
teins constitute approximately 52% of the plasma membrane mass and that
nine or ten principle polypeptides comprise about 80% of the total pro-
tein mass. A possible arrangement for the major erythrocyte membrane
proteins was proposed by Steck (39), where the membrane glycoproteins
are assumed to penetrate into or through the lipoidal region of the
membrane, with all their carbohydrates exposed to the extracellular
space. The remaining proteins are predicted to be less tightly bound
by specific protein association at the plasma membrane interface.
Electrophoretic mobility studies of human red cells (40) indicate
that the plasma membrane possesses a negative surface charge at the phys-
jological pH and that single cells in saline medium, Rouleaux columns
and single cells in plasma all migrate with the same velocity in an
electrical field of fixed strength which indicates that protein or other
plasma components are not essential in order to maintain the surface charge.
The relationship between the electrophoretic mobility of erythrocytes and
pH shows that the mobility has a maximum at pH 9.4 and falls with de-
creasing pH to reach zero mobility at about pH 2. Various kinds of mal-

treatment of erythrocytes such as successive washing with saline or

'freezing and thawing to produce red cell ghosts indicated little effect

on the electrophoretic mobility (41), thus suggesting that the surface



charge is tightly bound to the plasma membrane.

A major advance in the investigations of the electrophoretic mobility
of erythrocytes was achieved when the nature of the surface charge was
established unequivocally as due to the carboxyl group of sialic acid (42).
Treating erythrocytes with neuraminidase resulted in a marked reduction
of the mobility at pH 6.4 and the isoionic point increased from about 2
to approximately 5. For human erythrocytes, the number of sialic acid
molecules present on the plasma membrane was estimated to be 24 X 106.

Cardiac Glycosides

Cardiac glycosides have a long and interesting history. Physicians

were praising the medicinal properties of whole leaf preparations from

Digitalis purpurea as early as the 16th century. Since that time, there
has been a gradual increase in the use of digitalis like substances and
today the cardiac glycosides are referred to as venerable and irreplaceable
drugs. Obtained mainly from certain plants, these compounds are charac-
terized by their high specific and powerful action which they exert upon
the cardiac muscle. In the proper dosage, many of them are very valuable
in the treatment of congestive heart failure due to heart disease or
other causes. These drugs stimulate the heart to a greater contractile
activity and restore its original tonicity.

Some of the most widely used cardiac glycosides are ouabain, digoxin,
digitoxin, lanatoside C and strophanthin. From a therapeutic point of
view, the differences in action of any of these glycosides are purely
quantitative and not qualitative, i.e., they vary only in the rate, in-
tensity and duration of their action but not in their manner. The nature
of action of these compounds at the molecular level is yet to be specifi~

cally elucidated. However, what is known is that only very small quanti-
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ties are required to obtain the desired therapeutic effects from these
drugs. For example, for ouabain the initial dose is 0.3 to 0.5 mg.
followed at 30 min. intervals by O.l mg. until the desired effect is
obtained or a total of 1.0 mg. is reached; whereas for digitoxin the
initial dose is 0.6 mg. followed by .4 mg. every six hours until the
therapeutic effect is obtained (43).

The binding properties of cardiac glycosides to serum proteins have
been studied with the primary aim being the establishment of possible
cormections between the serum - glycoside binding magnitude and the dur-
ation of the therapeutic effects of these glycosides as well as the speed
with which the full effect of the dose of any of them is achieved.

Farah (4) studied the binding properties of various cardiac gly-
cosides with sera and serum albumins of different species using dialysis
methods. Digitoxin, foliandrin and digilanid were shown to combine with
serum proteins while both g~ and k-strophanthin did not.

Using salt precipitation and dialysis methods, Spratt and Okita (45)
demonstrated that digitoxin binds to serum proteins. The results of their
study agreed qualitatively but not quantitatively with those of previous
workers who found that digitoxin binding by serum proteins is correlated
with the albumin content of protein fractions.

Lukas and Peterson (46) assayed digitoxin in plasma, urine and
stool of patients maintained on this drug. The analysis, using equili-
brium dialysis, revealed that 97% of the digitoxin in human plasma is
reversibly bound to protein and that the binding is almost entirely
attributable to an interaction of the glycoside with plasma albumin.
Thus, only 3% of the plasma digitoxin exists in a freely diffusable un-

bound state. The total concentration of digitoxin in the red cells was
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estimated to be 2% of that in the plasma;

The therapeutic effect and duration of action of the glycosides
are, in fact, closely related to their protein binding characteristics.
Digitoxin, which extensively binds to serum proteins, is relatively
slow acting, reaching its full effect in about 6 hours but the duration
of action is much greater than those of ouabain or digoxin. The half-
life of digitoxin in man is approximately 106 hours (47) and 30 days
are required for the complete elimination of a single dose. A single
injection of ouabain, a drug which does not bind to serum proteins,
produces its full effect within 2 hours but the duration of action of
this drug, having a biological half-life of 22 hours (47), is much shorter.
Digoxin is intermediate in both the development of its full effect as well
as the duration of its action.

| More recently, the cardiac glycosides have received much attention

by physiologists for reasons other than their therapeutic usefulness,
In 1953, Schatzmann (48) demonstrated that the active transport of sodium
and potassium in red blood cells was prevented in the presence of low
concentrations of the cardiac glycoside strophanthin k. OSince then, a
great deal of work has been done to reveal the effects that various
cardiac glycosides have on the transport of sodium, potassium and certain
other ions in a great variety of tissues. It was believed that such studies
could, at least in principle, yield information regarding the mechanism
of active transport. The earlier studies on the action of cardiac gly-
cosides on ion transport have been reviewed by Glynn (49).

By incubating human red blood cells in media containing tritiated
ouabain and by measuring the sodium and potassium fluxes, Hoffman (50)

showed that the uptake of ouabain by the red cells with time was associated
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with a parallel decrease in the sodium - potassium pump activity.
Complete inhibition of the pump was observed when approximately 200
ouabain molecules were bound to each cell. Thus, the author concluded
that the glycoside interacted very specifically with sites that are
associated with the sodium pump mechanism.

The possible cellular localization of the cardiac glycoside re-
ceptor sites were investigated by Smith et al. (51). For this purpose,
ouabain and digoxin were coupled to several macromolecules. These high
molecular weight conjugates were expected to enter the intact myocardial
or red blood cell at very low rates. Consequently, any pharmacologic
activity observed could be attributed to the interaction of the conjugate
with a cell surface receptor. The effects of these conjugates were studied
in several glycoside - sensitive systems including the contractile response
of isolated cardiac muscle, the active rubidium (Rb+) uptake by erythro-
cytes, the enzymatic activity of isolated myocardial microsomal (Na+ and
K*) - activated ATPase and the enzymatic activity of solubilized erythro-
cyte (Na© and K*) - activated ATPase. With the solubilized red cell
system, the biological activity observed with these conjugates was com-
parable to that exhibited by the free cardiac glycosides thereby en-
suring that the chemical reaction used to couple the macromolecules to
the glycosides did not inactivate the drugs. In the other systems, the
macromolecular-glycoside conjugates were 100- to 1,000 - fold less active
than the free glycosides, and the small amount of activity measured was
attributed to persistent contamination of the conjugates with free
cardiac glycosides. The conclusions drawn by the authors were that,
41f the receptors for the cardiac glycosides are associated with the

plasma membrane, then "they may lie deep within it".
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Gardner and Conlon (52)l studied the effect of sodium and potassium
on ouabain binding by human erythrocytes. Human red cells were incubated
for various lengths of time in media with differing cation composition
and containing a wide range of ouabain -~ 3H concentrations. The authors
found a nonlinear relationship between ouabain binding and the ouabain
concentration in the external medium and reported that the cellular
ouabain binding, in fact, followed a Langmuir isotherm. From the satura-
tion plateau of the Langmuir isotherm it was estimated that there were
approximately 1,000 ouabain binding sites per human erythrocyte. Further-
more, by hemolysing red cells that had been incubated long enough in the
presence of tritiated ouabain to reach complete cellular saturation fol-
lowed by high speed centrifugation of the lysed red cell suspension, the
investigators were able to demonstrate that 98% of the total cellular
radioactivity was associated with the plasma membrane, i.e., essentially
all the cellular ouabain was bound to the red cell membrane and only an
insignificant amount had permeated into the cell interior. Replacing
some of the sodium in the suspension medium with potassium or choline
resulted in a reduction of both the rate of ouabain uptake by the erythro-
cytes and the cellular saturation value. These results led to the pro-
posal of a model which postulated that the erythrocyte membrane contains
a finite number of receptors, each composed of a glycoside — binding site
and a cation — binding site. When sodium occupies the cation — binding
site, the affinity of the glycoside ~ binding site for ouabain is in-
creased; while, when potassium or choline occupies the cation - binding

site, the affinity of the glycoside - binding site for ouabain is decreased.

1. This investigator became aware of this publication only after more
than half of this study was completed.
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Finally, it is shown in the study that the ouabain - binding site
also has an affinity for digitoxin and its aglycone digitoxigenin as
well as for digoxin but not for other structurally similar steroids
such as progesterone, testosterone, cortisone, hydrocortisone and
aldosterone.

The uptake of digoxin by human erythrocytes was studied by Gardner
et al. (53). The findings of these investigators were that the accumu-
lation of digoxin by intact human red cells is a result of two processes:
binding of digoxin to the plasma membrane and uptake of digoxin across
the membrane into the cell interior. The binding of the drug to the
erythrocyte membrane occurred as a saturable function of the extra
cellular conc-atration with approximately 1,000 digoxin receptor sites
per cell and was reversible though at an apparently much slower rate
than uptake. The binding was also dependent upon the cation composition
of the suspension medium and it was inhibited by other glycosides such
as ouabain, digitoxin and digitoxigenin. In addition to the saturable
binding of digoxiﬁ to the membrane, a linear component of digoxin accu-
mulation was observed and this component was assumed to represent uptake

of digoxin across the erythrocyte membrane into the cell.



STATEMENT OF THE PROBLEM

Although many transport studies have been carried out utilizing
cell suspension systems and numerous models proposed for various trans—
port mechanisms, it is nevertheless obvious from the previous section
that there is an existing need for suitable methodology which can further
assess the phenomenon of drug transport in cell suspension systems both
quantitatively and mechanistically.

The purpose of this investigation is to fill some of the existing
voids by thoroughly examining the importance and relationships between
the various factors involved in cellular drug transport. To achieve
~ this aim, the following objectives were considered to be essential:

(1) The derivation of mechanistically instructive physical models

which are mathematically and experimentally accessible.

(2) The development of an experimental cell suspension transport
system that could be readily tested in a quantitative manner
by physicochemical techniques.

As will be shown, the approach to the problem in the above described
manner was not only elucidative with respect to the ouabain - and digi-
toxin ~ erythrocyte transport mechanism but also allowed for the factor-
ization and quantification of such transport related parameters as drug -
plasma membrane adsorption and desorption rate constants, drug - erythro-

cyte binding and drug - serum binding.
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CONSIDERATIONS IN THE APPROACH TO THE INVESTIGATION

The purpose of a research project to a large measure, determines
the approach to the problem. Thus, the development of meaningful metho-
dology for the establishment of the mechanistic understanding and the
quantitative assessment of the cellular drug transport phenomenon requires
that two important qualifications be considered in the approach: the
conception of physical models and the design of experiments.

The purpose of the physical model is to provide a theoretical frame
of reference for the transport process. It must be based on mechanisti-
cally sound physical concepts and it should encompass all the significantly
relevant parameters involved in the transport of drug molecules by cells.
Ideally, the model will also provide guidelines to the design of experi-
ments, but more importantly, it must allow for rigorous experimental test—
iﬁg by physicochemical techniques. Only when these criteria have been
met and when the model is well capable of explaining the kinetic data for
both drug uptake and drug release experiments does the model achieve its
heuristic purpdse, for only then can it serve in the interpretation of
experimental data to obtain quantitative estimates of transport related
parameters and only then will it lead to definite conclusions regarding
the drug transport mechanism itself.

The design of suitable experiments for the transport study was
largely dictated and directly related to the physical models to be ex—
amined. The basic experiments consisted of collecting kinetic data for
the uptake and release of the cardiac glycosides ouabain and digitoxin
by human erythrocytes under various experimental conditions. It was felt
that by changing the drug concentration in the transport systems over a

wide range and by altering the composition of the suspension medium, the

18
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physical models would be subjected to the most severe scrutiny and,

in turn, this approach would allow for the elimination of an unsuitable
model. The basic transport studies were further supplemented by ex-
periments that would appraise and quantify such transport related
factors as the binding of the drugs to serum components, the plasma
membrane and the cell interior.

In order to eliminate any possible experimental uncertainties in
these systems, the establishment of reliable and reproducible baseline
experiments was considered to be of major importance. In this regard,
considerable effort was directed towards the maintenance of a constant
cell concentration and cell volume throughout a given experiment, the
integrity of cells during the experiments as well as the effect of cell
storage on the transport properties. Furthermore, sampling techniques
for the red blood cell had to be developed which included the evaluation
of entrapment of extracellular radioactivity in the erythrocyte samples
and a novel, more expeditious method for the preparation of erythrocytes
for scintillation analysis was necessary. The possibility of biodegrada-—
tion of the cardiac glycosides in the presence of erythrocytes, which
could lead to erroneous interpretations of the experimental results,
made it imperative that the radioactive drugs be extracted from both
the suspension medium as well as the intact erythrocytes in order to
analyze their purities and stabilities. Finally, the specific activity
of the tritiated glycosides had to be determined in order to allow for
the conversion of the measured radioactivity in samples to the chemi-

cally conventional molar unit.



THEORETICAL CONSIDERATIONS

Six physical models are presented in the following section that

are most appropriate for the experimental systems in this study. They

represent various sets of possible physical processes that occur during

drug uptake by cells from the suspension medium.

Model 1.

Model 2.

Model 3.

Model L.

Model 5.

Model 6.

Diffusion of the dfug into and/or through the plasma membrane
followed by rapid linear binding of the drug within the mem-
brane and/or the cell interior. No binding of the drug mole-
cules to components in the suspension medium.

Instantaneous and reversible linear binding of the drug to the
plasma membrane and serum components in the suspension medium.
Diffusion of the free drug into and/or through the plasma mem-
brane followed by rapid equilibration in the plasma membrane
and/or in the cell interior.

Diffusion of the drug molecules into or through the plasma
membrane followed by rapid binding onto Langmuir sites beyond
the rate-determining barrier. No significant binding of drug
molecules to components in the suspension medium.

Slow Langmuir binding of drug molecules to the plasma membrane.
No binding of drug molecules to components in the suspension
mediume.

Instantaneous and reversible binding of the drug to the plasma
membrane and components of the suspension medium followed by
slow Langmiir binding of the free drug molecules to the plasma
membrane.

Instantaneous, reversible and linear binding of the drug to

serum components present in the external medium. Rapid per-

20
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meation and equilibration of the free drug molecules in the
cell interior followed by slow binding of the free drug mole-
cules to Langmuir sites located on the plasma membrane.

Other models representing more complex physical situations are
certainly possible. However, the present discussion will be restricted
to these six models.

Model 1

The follo&ing simple passive iransport model for the quasi-steady
state rate of uptake of non-ionized molecules by a cell in suspension was
used by Turi (12) to analyze the data of ouabain transport into Burkitt
lymphoma cells

dCi A P Ci

% v (e-%) (Bq. 1)

where P is the intrinsic permeability coefficient of the plasma membrane,
Ac is the surface area of the cell, Vc is the cell volume, C is the drug
concentration of the external medium, Ci is the total drug concentration
inside the cell and K is the intrinsic partition coefficient. This model
is shown in Figure l.
Mass balance for the drug requires that

T=VC+HCy (Bq. 2)
where T is the total amount of drug in one ml. of cell suspension, and
V and H are the volume of medium and the volume of the cells in one ml.
of suspension, respectively.

The above mass balance equation is applicable only to suspensions in
which the cell volume distribution is narrow, as is the case with human
red blood cells. Otherwise, the cell volume distribution should be taken
into account for systems containing cells of non-uniform cell volumes.

Solving equation (2) for C and substituting into equation (1) yields
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Figure 1. Schematic description of Model 1. Simple diffusion of

the drug through the plasma membrane into the cell interior. C and
Ci represent the drug concentrations of the suspension medium and

the cell interior, respectively.




23

dCi Ac
® °V, (a-Dbg, ) (Eq. 3)

where a=(T/V) and b=(H /V) + (1/K).
Integrating equation (3) renders the solution for Model 1
b C, A bPt
c

In(1=—=") =~ —5— (Eq. 4)
(&

Rearrangement of equation (4) leads to the uptake function (U°F'l) for
Model 1

v b C,
U.F.l=(—-65-h;)m(1- a1)=Pt (Eq. 5)

where the factor 60 is required in order to determine the permeability
coefficient, P, in units of cm./sec. from the slope of the U.F., versus
time in min. plot.

The exponential form of equation (5) gives the total cellular con-
centration at any time

a 60 Ac bPt
C; =g [ 1 - exp ( --——ji:-—-- ) ] (Eq. 6)

The intrinsic permeability coefficient can be evaluated from experi-
mental data with equations (5 or 6) provided K is known and it can also
be obtained from initial kinetic data. For initial rates, equation (L)

reduces to

o AP (Eq. 7)

Therefore, the intrinsic permeability coefficient, P, can be obtained
from the initial slope of the Ci versus time in sec. plot.
The intrinsic partition coefficient is determined from equilibrium

conditions, i.e., when (dCi/dt) too= O and is defined as
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K = ci/c (b =) (Eq. 8)
An expression for the half-life to equilibrium for this model can
be found in this manner. With the condition that C; =% Ci( =) when
t = ﬁ% , equation (6) can be written as
- 60 AC b P E%

2 C. =2 - ex Eq.
zCi(=) "% (1 P v, ) (Eq. 9)

whereas in the limit, when t » « , equation (6) reduces to

Ci( w) =2 (Eq. 10)

Combining equations (9 and 10) renders the expression for the half-life

to equilibrium as

ty = (10 2) ¥ (Eq. 11)
2 b Ac P

Thus, the intrinsic permeability coefficient can also be estimated
from the half-life to equilibrium provided the intrinsic partition
coefficient is known.

In the above physical model, the rate-determining barrier for the
passive diffusion of molecules into the cell is attributed to the plasma
membrane. Drug molecules that permeate the plasma membrane are assumed
to instantaneously distribute themselves in the cell interior. The
effect of the aqueous diffusion layer in the drug uptake is taken to be
negligible. Furthermore, this model assumes that adsorption of drug
molecules to the cell membrane as well as to serum components present
in the external medium is not significant.

Model 2
This model assumes that the drug molecules bind instantaneously,

linearly and reversibly both to the cell plasma membrane and to the serum

present in the suspension medium. The unbound drug molecules and the mem—
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brane bound drug molecules are able to permeate the plasma membrane
while the serum bound species do not. A schematic diagram of this
model is shown in Figure 2.

The present model represents a combination of two models pre-
viously derived by Turi (12). The mathematical treatment of this new
model requires that plasma membrane and serum binding effects be con-—
sidered in equation (1) in the following manner.

The distribution of drug in this system is given by the mass bal-
ance relationship.

T=VC+VC +HC, (Eq. 12)

where C* is the serum bound drug concentration in the medium and Cc is
the total cellular drug concentration. The above mass balance equation,
as in Model 1, requires that the cell volume distribution be narrow.

The total drug concentration in the cells, Cc’ is given by
C, =Gy +Cg (Eq. 13)

where CS is the concentration of drug that is instantaneously and rever-
sibly bound to the plasma membrane. This membrane bound drug concentra-
tion is assumed to be linearly related to the concentration of unbound
drug in the external medium. Thus,

Cs = Kbm C

(Eq. 14)
where Kbm is the intrinsic plasma membrane equilibrium binding constant.
The interaction between the free drug and serum components in the

medium can be expressed by the equilibrium reaction:

K

Drug + Serum ~=—— Drug * Serum
Assuming that the number of binding sites of the serum components is very

large with respect to the free drug molecules in the external medium, the
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Figure 2. Schematic description of Model 2. The free drug in the
suspension medium is in equilibrium with serum — bound and plasma
membrane - bound drug. The membrane is permeable only to unbound
drug molecules. The C and C* are the free and serum - bound drug
concentrations in the medium, whereas C; and Cg represent the drug

concentrations inside the cell and on the cell surface, respective-
ly. The Kp and Ky, are the equilibrium binding constants.
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serum - drug equilibrium binding congtant, Kb, is given by

K, = C*/sC (Eq. 15)
vhere S is the volume fraction of serum in the medium. After re-
arranging equation (15), the serum bound drug concentration is

¢* = K, SC | (Eq. 15a)
Substituting equation (15a) into equation (12) gives

T=V(1+K.bS)C+HCC (Eq. 16)

With the use of equation (14), equation (16) can be written as

V(l+K 5)
T: K.b CS+HCC (Eq' 17)
m

and, upon rearrangement, the cell surface concentration is

T Kbm H Kbm

Cs=V(l+KbS)_V(l+KbS)Cc (Eq. 172)

The fact that, in this model, the free drug binds reversibly to the
plasma membrane makes it impossible to experimentally distinguish the in-
tracellular drug concentration, C., from the total concentration associa-
ted with the cell. For this reason, it is best to express the terms
dc, /dt and (C - C;/K) in equation (1) in terms of the total cellular
drug concentration, Cc, which is experimentally accessible.

The term dCi/dt in equation (1) can be modified using equation (13)
to give

dC.

i_d
T % (C.-C) (Eq. 18)

Substituting the expression for the cell surface concentration (Eq. 17a)

into equation (18) and differentiating with respect to time yields



__;'5=(1+ bm ) =< (Eq. 19)

The term (C ~ Ci/K) in equation (1) can be changed with equations (13,

16 and 17a) to give

Kbm )

T(1+—= Kb'“ H(1l+— 1
(C-Ci/K)"V(1+KbS) [V(1+Kb5) +% 16, (Eq. 20)
Substituting the expressions obtained for dCi/dt and (C - Ci/K)’
(equations 19 and 20 respectively), into equation (1) gives the differ-

ertial equation for Model 2

K
HK  _dC_ Ac T(1+Kb’“ H(L+22)
[1"“(:L+Ks):l Tt - V(1+KbS) [v(1+xbs) *K]Cc]
(Eq. 21)
For simplicity, letting
H
R SR )
K
T(1+2)
PET{TI+K5)
and
H(1 + ) 1
¢=7 (1+KbS) T X
equation (21) becomes
ac, AP (
- b-cC . 22
0 Vc(l+aKbm)( ¢ G ) .Eq )

The integration of equation (22) leads to the linear uptake function (U.F.2)
for Model 2

Vc(l—i-aKbm e(0)
U.F., = 60cAc In ( 5-cC, ) =Pt (Eq. 23)
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where Cc(o) is the total cellular coqcentration at zero time which, in
effect, is equal to the initial surface concentration. The factor 60
is necessary for determining the permeability coefficient, P, in units
of cm./sec. from the plot of U.F., versus time in min. Before the up-
take function can be plotted, the magnitudes of Kbm’ Kb and K must be
found. The determination of these phenomenological constants will be
discussed later.

The exponential form of equation (23) gives the total cell concen-

tration at any time:

—b—cCc(o) 60cA Pt

c = = exp [ -5 KXy ) ] (Eq. 24)

c

olo

Equations (23 and 24) are important because they allow for the esti-
mation of the intrinsic permeability coefficient from kinetic data. It
is predicted that a plot of U.F.z'zggggg time for systems containing dif-
ferent serum concentrations will give an identical positive slope, the
magnitude of which is equal to the intrinsic permeability coefficient.

An expression for the half-life to equilibrium for the drug uptake
process can be obtained in this manner. Differentiating equation (22)
leads to the following differential equation

dzc A cP ac,

dtz = [- 7T oy - 1= (Eq. 25)

which has the general solution

c A P
C, = uy + U, exp [ - T (T + SK) ] (Eq. 26)

The integration constants Uy and u, can be evaluated with the following

boundary conditions: When t =« , then Cc = Cc(«>) and u = Cc(w )

when t = 0, then C_ = C and u, = (cc(o) = Co( o )). Substituting the
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values obtained for uy and u, into equation (26) and with the condition
I - . s

that C_ = g(cc( o) cc(oo )) when t t_%_, one can write the half-life to

equilibrium as

(m2)v (1+ )
g e (5. 20

Equation (27) shows that the intrinsic permeabllity coefficient is in-
versely proportional to the half-life in the drug uptake processe.

The experimental partition co'efficient, Kex" is an apparent parti-
tion or distribution coefficient. It can be evaluated from equilibrium

conditions, i.e. when (dCc/dt)t=°° = 0 and is defined as

Kex = Co / Cop (t =) (Eq. 28)
where Cp, the total drug concentration of the medium, is
*
Cp=C+C (Eq. 29)

Utilizing equations (13 and 29), equation (28) becomes
Ci + Cs ( )
K =—=23 Eq. 30
%
& ¢c+cC (t =)

and with equations (1l and 15a)

C; + K C
Bex =TT+ K8 C (t =) (Eq. 31)
Using the basic definition of K = C,/C when t = «,
K+ Kbm ( )
K ==——= Eq. 32
ex 1+ KbS (t =)

Then, by rearranging equation (32), one obtains the intrinsic partition
coefficient for the system in which the drug binds both to the plasma

membrane and the serum that is present in the medium, i.e.

K=K, (1+ K, S ) - Kim (b o) (Eq. 32a)
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The linear form of eguation (32a) is

K
Kl K E g (8) +x 1
ex bm Kom (t =)

(Eqe 32Db)

A plot of 1/K_ versus (S) permits the direct evaluation of K, which
is equal to the ratio of the slope to the intercept. Also, once the in-
trinsic partition coefficient, K, or the membrane binding constant, Kbm’
is known for a particular drug-cell suspension system, it is possible to
calculate one or the other of the constants from the intercept. Generally,
it is easier to obtain Kbm from the experimental data, as will be seen.
The estimation of serum binding and plasma membrane binding constants by
the application of equation (32b) is of particular interest with systems
in which the rate of drug uptake into the cells is too rapid to allow for
reliable sampling at initial times of the drug uptake experiment. Further—
more, the Kb found by the analysis of the kinetic data can be corroborated
by dialysis studies.

A relationship between the intrinsic plasma membrane binding constant,
Kbm’ which is defined in equation (14) in terms of the free drug concentra-
tion in the medium, and the experimental plasma membrane binding constant,

Kbm ex? when there is serum binding in the medium can be deduced from
b}
Cs = Kbm,ex Cp (Eq. 33)
Substituting equations (14, 15a and 29) into equation (33) yields
Kom = Kbm,ex (1 + Ky 5) (Eq. 34)
The intrinsic plasma binding constant, Kbm’ and the serum binding

constant Kb, can also be evaluated from initial transport data in this

marmer. Combining equations (14, 152 and 29) leads to

Cr %

Lo (s) + . (Eq. 35)
Cs  Kom Kom (t = 0)
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With the use of equation (35) the equilibrium binding constants can

be evaluated from a plot of (CT/CS) versus (S). It follows that the
Kbm can be calculated from the intercept and Kb is equal to the slope
divided by the intercept. It is important to note that equation (35)
is applicable only to initial transport data, i.e., when the drug has
only adsorbed to the plasma membrane and not yet permeated into the
cell interior. Therefore, the evaluation of the binding constants by
this method is useful with systems in which the drug permeates the‘cell
membrane at a relatively slow rate (P < 1.0—6 cm./sec.) thereby allowing
either experimental sampling equivalent to "zero time" or extrapolation
of experimental data with reasonable accuracy to zero timel.

The intrinsic plasma membrane binding constant, Kbm’ can also be
evaluated from initial transport data by means of equation (14). The
slope of a plot of C_ versus C is equal to K _ . The determination of
Kbm by the use of equation (14) requires that the suspension medium con-
tain no serum. Otherwise, the same experimental conditions are required
as those ascribed to equation (35).

In the derivation of the uptake function, described by equation
(23), the effect of serum-drug binding has been factored out thereby
allowing the computation of the intrinsic permeability coefficient from
the slope of the U.F.2 versus time plot. The uptake function can also
be derived for this model in terms of effective or experimental para-—

meters as shown below.

1. The analysis by centrifugation used in this study has a sampling time
of approximately two minutes. More expeditious sampling techniques
would allow for the evaluation of binding constants of more rapidly
permeating drugs by means of equation (35).
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The effective permeability coefficient, Peff’ and the effective

partition coefficient, K_o., can be defined as®

p
Perr =17 K5 (Bq. 36)
and
Kope = T3 K (Eq. 37)
eff ~ T+ K5 d.

The rearrangement of equation (21) gives

" .
bm m
(1 HK ] dc, ) AP T(1+ T ) _ H(1+ X ) . 1+KbS] .
V(1+K,5)- dt vc(1+ K,5) v v K c
(Eq. 21a)
and with equations (36 and 37)
K %
bm m
[l+HK'meeff] A, A Pers [T(1+T _h A+~ Ic ]
VK a - v, v v Kepe™ €
(Eq. 38)
Then by letting
oo Kepe
T VK
K
T (1 + —Eﬂ
b! = ——————————
v
and K
H (1 + i?m 1
c! = +
v K

one can write equation (38) as

1. The effective parameters, Peff and Keff’ are defined in a manner that

is consistent with previously published data (18). It should be noted
that, according to equations (34 and 37), Kepp = Koy = Kbm,ex'
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ic ~ A P
c _ c eff (b*'-c'C_) (Eq. 39)
dt Vc(l +a' K_) c

The integration of equation (39) gives the following linear uptake function

(U.F.,) for Model 2

'
V (L+a K_) bt = ¢c' C
t ¢ bm clo) 1
UeFe2 = g o & In [ —7—= C. 1=Pepp ® (Eq. £0)

in which all parameters have previously been defined.
|
The uptake function (U.F.2) described by equation (40) is mathe-

matically equivalent to the uptake function of (U.F.2) defined by equa-

\]

2
versus time, according to equation (36), is a function of the serum con-

tion (23). The difference lies in that the slope of a plot of U.F.

centration in the external medium and is equal to the effective or experi-
mental permeability coefficient, P_.., whereas, in equation (23), the slope
is equal to the inprinsic permeability coefficient, P, which is independent
of the serum concentration since the effect of serum-drug binding has been
factored out.
Model 3

In this model the rate-limiting step of the drug uptake process
is attributed to the slow diffusion of the drug into or through the plasma
membrane followed by rapid binding of the drug molecules to Langmuir sites
that are located within the plasma membrane and/or in the cell interior.
Any association of the drug with serum components in the suspension med-
ium and the effect of the aqueous diffusion layer on the drug uptake is
considered to be insignificant. A schematic representation of this model
is given in Figure 3.

The rate of total drug uptake by cells for this model can be expres—

sed as
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Figure 3. Schematic description of Model 3. Simple diffusion into
the cell membrane and/or cell interior followed by rapid adsorption
to Langmuir sitess The C is the drug concentration in the medium.

The Cf and Cm represent the unbound cellular drug concentration and

the cellular drug concentration bound to Langmuir sites, respectively.
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dc, _
= =NA P (C-Cp) (Eq. 41)

where Cf is the concentration of the free drug in the cells and N is
the number of cells in a one ml. plug of erythrocytes.l

The total drug concentration associated with cells, Cc’ is given
by

C, = C, + Cs (Eq. 42)

where Cm represents the cellular concentration of drug that is adsorbed
to Langmuir sites.
The cellular concentrations, Cm and Cf, are related by the Lang-
muir equation, i.e.,
QNk Cf

Chy ='if;—E—§; (Eq. 43)
where Q represents the maximum amount of drug that is taken up by each
cell and k is the ratio of the adsorption to the desorption rate constant.

Mass balance for the drug requires that

T=VC+HC +HC, (Eq. 44)

Combining equations (42 and 44) and rearrangement gives an expression
for the drug concentration in the medium as

T

H
C=5-%C, (Eqe 45)

Substituting equation (43) into equation (42) yields a quadratic
equation the solution of which is
+ 2 3
—(l+QNk—kCc)_[(QNk+1—kCc) +z,kcc]§

2 k (Eq. 46)

Cf =

1. Based on a mean cell volume of 87 x 10_12 cm.3 for human erythro-
cytes, N = 1.15 x 10'° RBC/ml. of RBC.
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The differential equation for Model 3 can now be obtained by

substituting equations (45 and 46) into equation (41)

1

ac KC - QNk - 1% [ (1+Qk - kG )? + 1k¢ T?

c _ T H c c c
T =NA P |5-5C, -

dt vV c 2 k
(Eq. 47)
Then, by letting
N Ac P
8 =3k
b=1+QNk+28T
_ 2k H
c =~ 7 t k )
d=1+2QNk+Q N ¥
2
e=2k~-2QNk
and
£ =%
equation (47) can more conveniently be written in the form
— = =2
5% a[b+cCc_(d+eCc+i‘Cc)] (Eq. 48)

Since there appears to be no simple analytical solution to equation
(18), the differential equation is best analyzed using the numerical
Runge - Kutta method (54).

For initial rates, equation (47) simplifies to

d, NAT
% - v P (Eq. 49)

Thus, the permeability coefficient, P, can be estimated from the initial
slope of the Cc versus time in sec. plot.
The maximum amount of drug that can bind to each cell can be

found from equilibrium data of uptake experiments. When steady-state



38

conditions prevail, i.e. when (dcc/dt)t=a;= O, then C( ) = Cp,

and equation (42) can be written as
c,=C,-C (t= «) (Eq. 50)

Equation (43), upon rearrangement and with the use of equation (50) can
now be written in the linear form

c 1 1
- C + —=— (Eq. 51)
C_-C QN kKQW (t=)

A plot of (C/Cc ~ C) versus C should give a straight line the slope of

which allows for the evaluation of the maximum amount of drug that can
bind to each cell, Q. The overall rate constant for the drug binding
process can also be estimated from the above mentioned plot. The ratio
of the slope to the intercept is identical to the Langmuir rate constant.

With the assumption that Cm>>Cf, the derivation of this model can
be modified in this manner:

Considering the above assumption in equations (42 and A44) and with
the use of equation (43), the differential equation (41) for this model

can be written as

dc c
m _ T _H m
ZL -60NA P(5-7C ) (Eq. 52)

m QNk-k Cm

]

where the factor 60 is required to estimate the permeability coefficient,
P, in units of cm./sec. from the C, Yersus time in min. plot.
Then, by letting

60 N2 A QTkP
atl = s

- HQNk Tk
bt = 6ONACP ( T + 7 +1)

60NA PHX
c! = s
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d'=QNk

and
e!' =k
equation (52) can be expressed in the form

de al' + b!? Cm + ¢! sz
dt - et Cm

Integrating equation (53) renders the following new solution for this

model
a
2¢'C_ + b' = (~q)®
)y
gt bt e! 2e'C + b + (-q)* et al + b'C_+ c'Cm2
+ ln - l’ﬂ =‘t,
()% 2¢'(-q)? 2016, \+bt - (-q)F] =’ [a'+b'C +erc? J
m(o) m(o)” = “m(o0)

2010 (oy* R+ (=2)* (Eqe 54)

where q = 4 a'c'-—b'2 and Cm(o) is the cellular drug concentration at
zero time.
For initial rates, equation (52) reduces to

dc_ 6ONA TP
at - ] (Eq. 55)

and the permeability coefficient, P, in units of cm./sec. can be esti-
mated from the initial slope of the C_ versus time in min. plot.

According to equation (41), steady - state conditions for the cel-
Jular drug uptake prevail when C = Cf. At equilibrium then, equation
(43) can be written in the linear form as

c 1 1
C_ “onCtT (t= o) (Eq. 56)

The maximum amount of drug that can bind to each cell, Q, for this mo-
dified Model 3 can be estimated from the slope of the plot c/cnrl versus C

and the overall Langmuir rate constant, k, can be calculated from the
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slope and the intercept of the same plot.
Model 4

This model assumes that the drug uptake by cells is the direct re-
sult of adsorption of the drug to the plasma membrane. The rate - lim-
iting step of the drug uptake process is attributed to the slow, revers—
ible binding of the drug molecules to Langmuir binding sites located in
the plasma membrane. The actual rate of binding is expressed in terms
of the kinetic parameters of the Langmuir equation itself. The bin-
ding of the drug to serum components and the effect of the agueous difu~-
sion layer on the drug uptake process are taken to be negligible. This
model is shown in Figure 4.

The rate of drug adsorption, Rf’ is given by

Rf=NAcka(l—€) (Eq. 57)

where kf is the Langmuir adsorption rate constant and © is the fraction
of the membrane sites per cell that is occupied by the drug molecules.
The rate of drug desorption, Rr’ can be written as

R, =NA k_ o (Eq. 58)

The overall rate of drug upteke can now be expressed by

dc
m
R =60NA [k, C(1-0) -k O] (Ea. 59)

where the factor 60 is required to determine the rate constants kf and
k, in units of cm./secs and moles/cm% sec., respectively, from the
C, Yersus time in mine. plots.

The cell concentration is given by

Gm=QNG (Eq. 60)

The mass balance relationship for this system is



Figure 4. Schematic description of Model L. Cellular drug uptake
resulting from adsorption of drug to membrane associated Langmuir
sitese The C is the drug concentration of the medium and Cp repre-
sents the cellular drug concentration bound to Langmuir sites.



T=VC+HC ' (Eq. 61)

Solving equations (60 and 61) for © and C, respectively, and substi-

tuting into equation (59) yields the differential equation for Model 4

dC k T k ka fH 2
I (’ONA[v"(v*voN QN)c+ ] (Eq. 62)
Then, by letting
60NA k. T
a = _c £
v
k ka kr
b=—6ONAC(T+VQN-+m
and
. 60 kf H Ac
it is convenient to write equation (62) in the form
dC
m _ 2
T =a+bC +c C. (Eq. 63)

Integrating equation (63) renders the following solution for this model

il TO R W PO

(<) -b+ [ b+ (=F] [

2cCy b+ (-q)*

Al O Sl R N U
2¢C Cm(o) + b + ("'Q)z

(Eq. 64)
where q = 4 a ¢ - b2 and Cm(o) is the cellular drug concentration at
zero time.

Equation (64) can be used to efaluate the magnitudes of the ad-
sorption and desorption rate constants, kf and kr’ from drug uptake
and drug release data by obtaining the best fit of the theory with the

kinetic data. For the theoretical analysis of drug uptake data with
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equation (64), the value of Cm(o) is set equal to zero.
For initial rates of drug uptake, equation (59) reduces to

de 60 N Ac kf T
ac vV (Eq° 65)

Thus, the adsorption rate constant, kf, can be estimated from the
initial slope of the Cm‘xg£§g§ time in min. plots. It should be noted
that the adsorption rate constant is identical to the intrinsic permea-
bility coefficient in Models (1, 2 and 3).

For initial rates of drug release from cells with completely
saturated binding sites, equation (59) simplifies to

dc

m_.
ol 60 N ALk, (Eq. 66)

Therefore, the desorption rate constant, kr’ can be evaluated with re-
lease data from the initial slope of the Cm versus time in min. plots.
The Langmuir isotherm equation for this model is
k. QNC
c £

m kr + kf C

(Eq. 67)

Equation (67) in its linear form has been described in Model 3 with
equation (56).

The maximum amount of drug that can be taken up by each cell, Q,
can either be calculated from the slope of the (C/Cm)t=°°x§£§g§ C(G:) plot
with equation (56) or it can directly be estimated from the saturation

value of the Langmuir isotherm, i.e. the plateau of the Cm(w) versus C(«;)

plot .
The magnitude of the dissociation constant for the drug - erythro-
cyte complex, KI’ can be computed from the Langmuir rate constants. The

ratio of kr to kf is equal to the dissociation constant of the drug -



erythrocyte complexe.
Model 5

This model analyzes the situation where the free drug in the sus-—
pension medium is assumed to bind instantaneously, linearly and revers—
ibly to "hard" binding sites located on the cell membrane and to serum
components in the suspension medium. The slow drug uptake by the cells
that follows the initial surface binding is attributed to the direct,
reversible binding of the unbound drug molecules in the suspension medium
to "soft" Langmuir binding sites on the plasma membrane. The actual
rate of drug binding to the "soft" Langmuir sites is, analogously to
Model /4, ascribed to the kinetic parameters of the Langmuir equation.
The effect of the aqueous diffusion layer on the drug uptake process
is assumed to be negligible. This model is schematically shown in
Figure 5.

The mathematical treatment of this model requires modification
of equation (59) in order to account for the additional instantaneous,
linear and reversible binding of the drug to the plasma membrane and
the effect of the drug - serum binding.

The total drug concentration associated with the cells in this
model can be expressed by

C, =C,+Cg (Eq. 68)

Then, by applying the same deductive reasoning as in Model 2 (equa~
tions 12 through 19) but with the use of equation (68) rather than

equation (13), the term de/dt in equation (59) can be expressed as

ac_ HEK, ac, |
E1't"=(l+v(1+xbs))dt (Eq. 69)
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Figure 5. Schematic description of Model 5. The unbound drug in
the medium is in rapid equilibrium with the serum - bound and plas-
ma membrane - bound drug. The slow drug uptake by cells is the
result of adsorption of free drug molecules in the medium to Lang-
muir sites associated with the membrane. The C and C* are the con-—
centrations of the free and serum — bound drug in the medium. The
Cs and Cp represent the membrane - bound and Langmuir site - bound
cellular drug concentrations, respectively. The Ky and Kyp are
equilibrium binding constants.
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In order to account for the drug — serum binding and the total
cell concentration, C_, the term [kf c (1L-9) - k., 8] in equation
(59) can be modified in the following manner.

An expression for the free drug concentration in the medium is
obtained by combining equations (14, 15 and 29)

Co

C = TFES (Eq. 170)

Mass balance for the distribution of the drug in this system is given
by equation (12).

Substituting equations (14, 60 and 70) into equation (68) yields
an expression for the total cell concentration as

Kom Cr

Cc=QNe+1—:—_T{;§ (EQ-71)

Then, with equations (12, 70 and 71)

2
k. T kX T kK T
[k,0(1-8) - k0] =[ L + =5 £ om 5 + S
v( 1+ KbS) VQN(1+ KbS) VQN(1+ KbS)
k kT 2k K. HT k
- [ fH + f + fK'bm + _r

V(1+KbS) VQ,N(1+KbS) szl\l(1+KbS)2 QN

2
k K_H k kX H
+ r_bm lc + & + 2i‘Kbm 5 ] C2
Qw(i+k.8) ¢ QV(l+KS) QWT(l+KS) ¢

Substituting equations (69 and 72) into equation (59) renders the

differential equation for Model 5 .
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2

HK dc kT kX T kX T
[1+ bm ] S _ ¢0 NAc [[ by +— bem 5+ rK'bm
v(1+ KbS) dt v(1+ KbS) VQN(1+ KbS) VQN(1+ KbS)
k kT 2k K, HT k
T o ‘= om e X
v(1+ KbS) VQN(1+ K.bS) VEQN(1+ KbS) QN
2
+ erbmH 1c + [ ka + ki‘KbmH ] CZ]
VaN(1+K5) © ©  VON(L+K.S) v2QN(1+ KbS)2 T
(Eq. 73)
Then, by letting
2
60N A V k §T . kK T . kK T ]

= L
V(1+KS) + H K VN(1+K ) VN
o -60NA V ka ky T 2k X TH +kr(l+ KbS)+ k X H ]

v(1+ K.bS)+H xb Vv VQN ' QN(1+K S) QN VQN

and

6ON AV ka ka.sz

m

v(1+ KbS)+H K.bm VQ,N v Q,N(1+K S)

equation (73) can conveniently be written as

d(}c 2
-5,0—=a+bcc+ccc (Eq. 74)
Integrating equation (74) yields the solution for Model 5

2 = (=q)® \
© Ce(o) T ( Q); lexp (-@)% t

(< b+ [ b+ (-0F 11 :
2 ¢ Cc(o)+b + (=q)

2 ¢ - (=)® ]
° Sefe) "~ ¢ Q);. exp (-q)% ¢ ]
2¢Cyt b+ (-a)*®

2c[1-

(Eq. 75)

whereq=)+ac—b2.
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Equation (75) is used to evaluate the magnitudes of the ad-
sorption and desorption rate constants, kf and kr' from drug uptake
and release studies by obtaining the best fit of the model with the
kinetic data.

In order to properly calculate the value of the maximum amount
of drug that can be taken up by each cell, Q, for this model with
equation (56) it is necessary that the equilibrium cell concentration
due to the binding of the drug to Langmuir sites, Cm, be separated
from the total concentration associated with cells, Cc' Furthermore,
equation (56) requires that the equilibrium concentration of the ex-
ternal medium is expressed in terms of the free drug concentration.

Combining equations (14, 68 and 70) renders the relationship
which allows for the computation of the cellular drug concentration,
Cm’ from the total cell concentration, Cc' as

K_C

bm "T
On = Cc = T+ K5 (Eq. 76)

whereas the free drug concentration in the external medium can be
calculated with equation (70).

Therefore, by the use of equations (70 and 76), the value of the
maximum amount of drug that can bind to plasma membranes associated
Langmuir sites per cell can, according to equation (56), be estimated
from a plot of C versus C or its magnitude can directly be assessed
from the plateau of the Langmuir isotherm.

The drug — serum and drug - plasma membrane equilibrium binding
constants, Kb and Kbm’ can be evaluated from initial drug uptake data

with equation (35) described in Model 2.



L9

Model 6

This last model considers the situation in which free drug
molecules in the suspension medium are assumed to instantaneously
permeate the plasma membrane followed by the establishment of rapid
equilibrium between the intracellular and extracellular drug concen—
tration. Furthermore, the free drug in the suspension medium is
assumed to linearly and reversibly bind to serum components present
in the extracellular phase. The slow cellular drﬁg uptake that follows
the rapid equilibration of the drug in the cell interior is attributed
to the direct and reversible binding of free extracellular drug mole-
cules to Langmuir sites present in the plasma membrane. The kinetic
parameters of the Langmuir equation, comparably to Models 4 and 5, are
assumed to govern the rate of the slow drug uptake. This model is
diagrammed in Figure 6.

Except for some differences in terminology, the derivation of this
model is mathematically identical to that of Model 5. In the present
model, the total cell associated drug concentration, Cc’ is given by

C, = Cp+ Cy (Eq. 77)
where Ci has the same meaning as in Models 1 and 2 with the only ex-
ception being that in the present model this cellular drug concentra-—
tion is the result of rapid diffusion and equilibration of the drug in
the cell interior.

This rapidly equilibrating cell concentration, Ci' is assumed to
be directly proportional to the free drug concentration in the external
medium, i.e.

¢, =k ¢ (Eq. 8)
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Figure 6. Schematic description of Model 6. The free drug in the
medium rapidly permeates the plasma membrane to establish equili-
brium between the cell interior drug concentration and the free
drug concentration. The free drug also binds to serum in the me-
dium. The slow cellular drug uptake is attributed to adsorption
of free drug molecules to cell membrane associated Langmuir sites.
The C and C* represent the free and serum — bound drug concentra-
tions of the medium, whereas Ci is the concentration of drug in
the cell interior and Cp is the cellular drug concentration bound
to Langmuir sites. The K and Ky are the intrinsic partition coef-
ficient and the serum binding equilibrium constant, respectively.
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which, in fact, is the definition for the intrinsic partition coeffi-
cient in Model 1.

Since equation (8) is mathematically equivalent to equation (),
the derivation of this model precisely follows that of Model 5 except
that the surface concentration, Cs, and the plasma membrane binding
constant, Kbm’ must be replaced in all expressions of Model 5 by the
cellular drug concentration, Ci’ and the partition coefficient, K,
respectively.

The solution to Model 6 is then given by equation (75) with the
algebraic expressions for the present model being

2
60 N Ac \ ka kaT . erT

a = L + =5
v(1+xbs)+m{ v VQN(1+K.bS) VQN

- ON AV : kH . kT 2k KHT . kr(l+ KbS) . k KH
V(1+K S)+HK V. VON VAQN(1+ K S) QN vaN

and

2
60 N Ac ) ka kaH

+

c = [ s
v(1+ KbS)+ HK VN VoQN(1l+ KbS)

The intrinsic partition coefficient, K, can be evaluated from
initial drug uptake data with equation (8) provided there is no serum
present in the suspension medium.

Furthermore, combining equations (8, 15 and 29) yields the fol-

lowing linear relationship

K

Cc
T 1
-é—i =% (s) + ¥ (Eq. 78)

which, experimentally analogous to equation (35), allows for the
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evaluation of the intrinsic partition coefficient, K, and the serum
binding constant, Kb, from "zero time" drug uptake data in the presence
of different fetal bovine serum levels.

Substituting equations (8 and 67) into equation (72) renders the
following expression for the total cell - associated drug concentration
as a function of the unbound drug concentration in the suspension medium

kf QNC :
cc=w+xo (Eq. 79)

Finally, it should be noted that although Models 5 and 6 are
mathematically indistinguishable, their respective transport mechanisms
differ. Any differentiation between these two models requires that
suitable experiments, sgpplementary to transport studies, be carried
out which can establish whether the linear drug uptake component by
cells is the result of instantaneous, linear and reversible adsorption
of drug molecules to the plasma membrane, as proposed in Model 5, or
whether this linear component can be attributed to rapid diffusion of
the drug into the cell interior, as postulated in Model 6.

Until it was experimentally resolved whether or not the instan-
taneous cellular drug uptake was the result of plasma membrane bind-
ing or rapid diffusion of the drug into the cell interior, the equi-
librium binding constants Kbm and K were used interchangeably and the
process was generally referred to as the instantaneous drug - erythro-

cyte interaction.



EXPERIMENTAL PROCEDURES AND TECHNIQUES

Cell Suspension Medium

A phosphate buffered saline solution prepared from 0.150 M NaCl
and 0.01 M phosphatel at pH 7.4 was used as the basic component of the
medium (16). The osmotic pressure of this solution was 300 milliosmoles/kg.
Various amounts of fetal bovine serun” (FBS), ranging from O to 50% on a
volume basis, were added to the above buffer to complete the suspension
medium. No change in the pH was observed upon the addition of fetal bo-
vine serum to the phosphate buffered saline. However, a slight decrease
in the osmotic pressure (to 297 milliosmoles/kg.) was noted at 50% fetal
bovine serum concentration. Neomycin sulfate3 (O.Smg./ml.) was added to
the medium in most experiments in order to reduce the possibility of bac-
terial contamination of the cell suspension system.

Preparation of Red Cells

Whole citrated blood was obtained, generally 8 to 20 hours after
being drawn, from the Department of Hematology, University of Michigan
Hospital, and immediately prepared for experimental use. The donors'
hematological case history was not known.

Blood samples, most often pooled from various donors, were cen-—
trifuged at 800 x g for 10 minutes. After centrifugation, the plasma
and buffy coat, consisting mainly of leucocytes and platelets, were dis~
carded. The remaining packed erythrocytes were resuspended and washed
three times in approximately eight volumes of phosphate buffered saline.

A final washing was carried out with the medium in which the cells were

-3 -3
l. 1.4 x10 "M NaH2P0h.H2O and 8.86 x 10 M NazHPOA.

2. KAM Laboratories, St. Joseph, Mo. 64506. Lot No. L,061.
3, SIGMA Chemical Corp., St. Louis, Mo. 63178, USP-grade.
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to be subsequently used. All experiments were started immediately
after the final wash.

Drug Uptake Experiments

Transport studies of ouabain -~ 3H 1 and digitoxin - 3H 2 into
erythrocytes were conducted using media containing O, 5 and 15 per cent
fetal bovine serum levels. The chemical structure of ouabain and digi-
toxin is shown in Figure 7a and 7b, respectively. The temperature in
all experiments was 30 °C. Red blood cells from ten donors were pooled
for each uptake experiment. A schematic description of the sequence of
procedures used for the drug uptake studies is given in Figure 8.
Differing aliquots of the labelled drugs in their respective sol-
vents were transferred into a 125 ml. Erlenmeyer flask. After evapora-—
tion of the solvent, 50 ml. of medium was pipetted into the flask which
was agitated in a horizontal motion by means of a Burrell shaker. At
zero time, 3 to 4 ml. of a concentrated red cell suspension were intro-
duced into the flask. The hematocrit of the resulting cell suspensions
ranged between 5 and 7 per cent. Next, 2 ml. samples of the cell sus-—
pension were withdrawn from the reaction flask at various times and
placed into a centrifuge tube. The centrifuge tube, the narrow stem
of which was calibrated to contain O.1 ml., is shown in Figure 9. The
samples were immediately centrifuged at 5,000 x g for 10 minutes. The
compacted cellular sediment was always in excess of the O.l mle. calibra-
tion mark. A 0.1l ml. sample of the supernatant was withdrawn with an

automatic pipet3 and transferred into a scintillation vial for later

assay. The pipet tip was first rinsed with 0.5 ml. of water and then

1. New England Nuclear, Boston, Mass. 02118, NET - 211, Lot No. 772-055.
2. New England Nuclear, Boston, Mass. 02118, NET - 216, Lot No. 747-007.
3. Sargent-Welch Sci. Co., Skokie, Ill. 60076. Eppendorf Microliter Pipet.
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(RHAMNOSE ) — 0

Figure 7a. Chemical structure of ouabain. The oua-
bain used in this study had a general tritium label
and a specific activity of 10.2 Ci/mM. The molecu-
lar weight of ouabain is 584.7.

(DIGITOXOSE)3 -0

e ——————— e |

Figure 7b. Chemical structure of digitoxin. The
digitoxin used in this study had a general tritium
label and a specific activity of 15.7 Ci/mM. The
molecular weight of digitoxin is 764.9.
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P

Different Amounts 50 ml. of Medium
of (Phosphate Buffered
Ouabain - -H Saline Containing 3 = 4 ml. of
or 0, 5 or 15% FBS); Washed Red Cells
Digitoxin — 2H | | pH 7.4; 300 mosm./kg.

~~ } /

Cell Suspension in 125 ml. Flask;
Temperature 30 °C; Hematocrit 5-7%

'

2 ml. Aliquot of Cell Suspension
into Centrifuge Tube
Centrifuged at 5,000x g for 10 min.

' ;

O+l ml. 0.1 ml.
Medium Erythrocytes

' ¢

Scintillation Counter

Figure 8. Outline of the sequence of procedures for drug uptake ex-
periments.
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flushed with 10 ml. of Aq_uasol1 (a combination tissue solubilizer and
scintillation cocktail) to improve the experimental precision and ac-
curacy. (Digitoxin was found to reversibly bind to the plastic pipet
tips.) The remaining medium and red cell sediment in excess of the 0.l
ml. calibration mark were aspirated off and discarded. The bulb and
stem above the calibration mark were then washed three times with buf-
fered saline to remove any drug adhering to the glass walls. The re-
maining O.1l ml. red cell plug was flushed out into a scintillation vial
with 1 ml. of water and stored in the freezer for future assay. Thus,
the depletion of drug from the medium as well as the total cellular drug
uptake were followed simultaneously.

Four 0.1 ml. samples of the cell suspension were withdrawn from
the reaction flask and transferred into scintillation vials at various
times to permit the computation of drug mass balance for the entire dura-
tion of the experiment. In this case, the pipet tips were flushed with
1 ml. of water both to improve accuracy and to enhance hemolysis of the
red cells. The vials were also stored in the freezer.

The hematocrit of the cell suspension was determined at the be-
ginning and at the end of an experiment. A 1 ml. aliquot of the cell
suspension was removed from the incubation flask and placed into a hema-
tocrit tube which was immediately centrifuged at 5,000 x g for 10 minutes.
The value of the hematocrit was read directly from the stem which was
calibrated in units of 0.002 ml.. A hematocrit tube is shown in Figure 9.

Release Experiments

The procedure utilized to study the release kinetics of ouabain

and digitoxin from erythrocytes was as follows. Approximately 5 ml. of

1. New England Nuclear, Boston, Mass. 02118. NEF - 934.
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red cells were incubated in 15 ml. of media containing different concen-
trations of either of the two tritiated glycosides and 0, 5 and 15 per
cent fetal bovine serum. The cells were incubated from 1 to 10 hours.
With an incubation time of 10 hours and with relatively high drug con-
centrations, the transport process had reached steady-state conditions,
whereas with shorter incubation periods and lower drug concentrations
the drug uptake had not yet reached equilibrium.

At the end of the incubation period a O.1 ml. sample of erythro-
cytes and of medium was collected, as previously described, for later
assay. The remaining erythrocyte suspension was centrifuged at 800 x g
for 10 minutes. Subsequently, the supernatant was discarded and L ml.
of the preincubated cells were collected with a glass syringe. At zero
time, the 4 ml. of erythrocytes were introduced into a 125 ml. Erlen-
meyer flask containing 50 ml. of medium. The FBS level in the media
was O, 5 or 15 per cent and, except for two specific release studies,
did not contain any drug.

The remaining course of the release experiments was followed analo-
gously to the procedure outlined for uptake studies.

Preparation of Erythrocyte Samples for Scintillation Analysis

The red-colored hemoglobin in erythrocytes produces very high
quenching effects making it essentially impossible to analyze the radio-
activity in erythrocytes that have merely been hemolysed and digested in
a scintillation cocktail. The method used, to date, for erythrocyte liquid
scintillation analysis is based solely on the extraction of the radio-
active compound from the cells using either Bray's solution (55) or 10%
perchloric acide This method is cumbersome and it is impossible to

completely recover all the cell-associated radioactivity. For this
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reason, a novel and more complete procedure was developed.

The samples containing red cells were removed from the freezer
and allowed to thaw. Subsequently, O.l ml. of 1M HCl and O.1 ml. of
30% H,0, were added to each vial. Making sure that the caps on the
scintillation vials were tightly sealed, the samples were then digested
and decolorized at 70 °C for 8 hours after which time, 10 ml. of Aquasol
was added to each vial. The resulting scintillation liquid was a clear
and nearly colorless solution. After storing all vials in the dark for
at least a 24 hour period, the samples were assayed using a Beckman liquid
scintillation Spectrometerl. The efficiency of each sample was checked
by adding 0.02 ml. of tritiated water2 of known specific activity.

Determination of Intercellular Drug Entrapment in the Red Cell Plug

The amount of medium trapped in the O.1 ml. red cell plug after
céntrifugation was analyzed using radioactive polyethylene glycol3
(PEG - 4,000 - lL’C). This compound was reported to be nonabsorbable
by tissue (57).

One.ml. samples of washed cells from different donors were in-
jected into vials containing PEG — 4,000 - “C in 12 ml. of phosphate
buffered saline. After shaking the vials vigorously for 15 sec., 2
2 ml. sample from each vial was transferred into a centrifuge tube and
immediately centrifuged at 5,000 x g for 10 minutes. Next, O.1 ml. of
the supernatant and the corresponding O.1 ml. red cell plug were collected
in separate vials, prepared for scintillation assay and counted as pre-

viously described. The efficiencies of the samples containing super-

1. Beckman Instruments, Fullerton, Cal. 92634. Model LS-200.
2. New England Nuclear, Boston, Mass. 02118. NES-003.
3. New England Nuclear, Boston, Mass. 02118. NEC-473.



61

natant or digested red cells were checked by the addition of a known

amount of toluene - 140 1

Calibration of Centrifuge Tube and Hematocrit Tube

Four separate red cell suspensions were prepared by mixing 1 ml.
of erythrocytes from different donors with 15 ml. of phosphate buffered
saline. Two ml. suspension aliquots from each of these suspensions were
then transferred into two standard type centrifuge tubes and two hemato-
crit tubes. Both types of tubes were calibrated to contain 0.1 ml. of
erythrocytes. After centrifugation at 5,000 x g for 10 minutes, the 0.1
ml. red cell plugs were collected and each suspended in one liter of saline
(0.9% NaCl). The number of cells in these suspensions were subsequently
counted using a Coulter counterz. In order to account for errors due to
coincidence counting and dead-time, aliquots of these cell suspensions
were diluted into saline in the ratios of 1:2.5, 1:5, 1:10, 1:25, 1:50
and 1: 100. With the suspensions of the highest dilution, it was ex-
pected that errors due to coincidence counting and dead-time were at
a minimum thereby allowing for the estimation of the absolute number of
cells in the original red cell plugs.

In all cell countings, an equal suspension volume (0.5 ml.) was
analyzed with a 70 micron orifice tube. Coulter counter threshold and
current settings were 10 and 7, respectively.

Stability of BErythrocyte Suspension with Time

Experiments were conducted entirely simulative to uptake studies
except that no radioactive drug was used. These experiments were carried

out with media containing 0% and 30% FBS concentrations. The following

1. New England Nuclear, Boston, Mass. 02118, NES-006.
2. Coulter Industrial Sales Co., Chicago, Ill. Model A.
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variables were tested throughout a 12 hour period at 4 hour intervais:
1. the pH of the cell suspension
2. the hematocrit of the cell suspension
3. the number of cells in O.1 ml. of cell suspension
L. the number of cells per 0.1 ml. red cell plug

The pH of the cell suspension was measured with the aid of a pH
meter.

The hematocrit of the cell suspension was determined by placing
1 ml. of the suspension into a hematocrit tube followed by centrifugation
at 5,000 x g for 10 minutes. The value of the hematocrit was read directly
from the calibrated stem of the hematocrit tube.

The number of erythrocytes in O.1 ml. of cell suspension and in
0.1 ml. of the red cell plug was estimated by first diluting these volumes
with phosphate buffered saline to one liter. The number of erythrocytes
in these suspensions were then counted with a Coulter counter. No ad-
justments were made for coincidence and dead-time error.

Evaluation of Binding Constants from "Zero Time" Measurements

Preliminary uptake studies with digitoxin revealed that a fraction
of this drug is instantaneously taken up by erythrocytes and that the in-
stantaneously accumulated amount of drug in the erythrocytes is directly
proportional to the concentration of the external medium. This rapid
uptake of digitoxin by erythrocytes also appeared to be a function of
the fetal bovine serum level in the suspension medium, thereby strongly
suggesting that digitoxin interacts with the serum. Ouabain, on the
other hand, did not exhibit any of these characteristics.

In the following section, the procedures are described that were
used to quantify the rapid digitoxin -erythrocyte interaction as well

as the digitoxin - serum binding effect from "zero time" measurements.
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(a) Evaluation of K (Models 2 and 5, equation 1) or K (Model 6,
equation 8): Aliquots (12 ml.) of phosphate buffered saline containing
different concentrations of tritiated digitoxin, but no fetal bovine serum,
were placed into separate vials and maintained at 30 °c. Neomycin sul-
fate (0.5 mg./ml.) was added to some of the 12 ml. buffered saline samples
in order to examine its influence on the magnitude of Kbm or K. A 1l ml.
aliquot of red cells, each from a different donor, was introduced into
the vials and the suspension vigorously shaken for 15 sec. Four 2 ml.
suspension samples were then transferred from each vial into separate
centrifuge tubes and centrifuged at 5,000 x g for 10 minutes. Then,

0.1 ml. of the supernatants and the corresponding 0.1 ml. RBC plugs
were collected and assayed.

(b) Reversibility of Instantaneous Digitoxin - Erythrocyte Inter-
action (equation 14 or 8): A vial, containing 4 ml. of phosphate buffered
saline and digitoxin —H but no fetal bovine serum, was kept at 30 °C.

At zero time, a 1 ml. sample of erythrocytes was added and the suspension
vigorously shaken for 15 sec. Subsequently, a 1 ml. sample of the suspen-
sion was placed into a centrifuge tube. The remaining cell suspension
was rapidly diluted by approximately a factor of two with phosphate buf-
fered saline and the suspension agein shaken for 15 sec.. A 2 ml. aliquot
of this diluted suspension was then placed in a second centrifuge tube.
Following the immediate centrifugation of these samples, the usual super-
natant and corresponding RBC samples were collected and analyzed.

(¢) Effect of Red Cell Age on Kbm or K: The effect that pro-
longed incubation of erythrocytes in phosphate buffered saline may have
on the magnitude of Kbm or K was tested in the following manner. Blood
from several donors was pooled to yield 15 ml. of washed red cells. A

1 ml. red cell sample, removed for "zero time" analysis, was put into
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12 ml. of phosphate buffered saline containing radiocactive digitoxin.
The suspension was then subjected to the same procedure as that .described
in (a). The remaining 14 ml. of red cells were suspended in 25 ml. of
phosphate buffered saline. The flask containing the suspension was
agitated with a Burrell shaker and kept at 30 °c. Subsequently, the
suspension was centrifuged at 800 x g for 10 minutes several times over
a 12 hour period. After each centrifugation step, the suspension medium
was decanted, a 1 ml. RBC sample removed and the femaining packed red
cells resuspended in 25 ml. of phosphate buffered saline. The abstracted
1 ml. red cell sample was immediately introduced into 12 ml. of buffered
saline containing digitoxin - 3H. The resulting suspension was again
treated as described in (a).

(d) Evaluation of K, or K and K (equations 35 or 78): One
ml. aliquots of washed red cells from different donors were injected
into 12 ml. of media. These media, kept at 30 °C, contained various
FBS concentrations and digitoxin - 3H. Again, neomycin sulfate
(0.5 mg./ml.) was added to some of the media. The cell suspensions
were subsequently treated as described in (a).

(e) Interaction Between Digitoxin and Erythrocyte Ghosts: In
order to at least partially resolve the question of whether the instan-
taneous and linear digitoxin uptake component by erythrocytes was due
to either membrane adsorption or to diffusion of the drug into the cell
interior, the magnitude of Kbm or X for the glycoside — erythrocyte
ghost system was determined.

The erythrocyte ghosts were prepared in this manner (41). Five 3 ml.

samples of washed red cells were each suspended in 15 ml. of phosphate
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buffered saline. A freezing and thawing of these suspensions resulted

in the release of hemoglobin from the cells and the production of ghosts.
The RBC ghost suspensions were washed five times with 15 ml. of buffered
saline in order to remove most of the hemoglobin from the medium. The
suspensions were then frozen and thawed a second time and the ghosts
washed two more times. Microscopic analysis of the RBC ghosts indicated
that the size of the ghosts was identical to that of the original erythro-
cytese The RBC ghosts were subsequently used for experiments identical

to those described in (b).

Equilibrium Dialysis

The equilibrium binding constants for the digitoxin - fetal bovine
serum, the ouabain — fetal bovine serum and the digitoxin -~ human hemo-
globin interaction were evaluated at 30 Oc under sterile conditions using
equilibrium dialysis experiments.

(a) Digitoxin — Fetal Bovine Serum Binding: Six dialysis chambers™
with a total capacity of 4 ml. were used simultaneously. One such di-
alysis chamber is shown in Figure 9. After being boiled in water for 1
hour, a cellulose dialysis mEmbranez, permeable to water and low molecu—
lar weight compounds but impermeable to higher molecular weight compounds
such as proteins, was placed between the donor and receiver side of the
dialysis chamber. Two ml. samples of cell suspension media containing
tritiated digitoxin and 5, 10, 20, 30 4O or 50% FBS were put into the
donor side and 2 ml. samples of medium without FBS were pipetted into
the receiver side of the six dialysis chambers. At various times, 0.0l ml.
samples were aseptically removed from the receiver and the donor side and

kept in scintillation vials for assay. By this method, the increase and

1. Bellco Glass Inc., Vineland, N.J.
2. Union Carbide Corp., Chicago, I1l. 60638.
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decrease of the digitoxin concentrations in the receiver and donor sides,
respectively, could be followed simultaneously until equilibrium was
reached.

(v) Ouabain - Fetal Bovine Serum Binding: The adsorption equi-
librium constant for the ouabain - fetal bovine serum system, Kbo’ was
determined by the same procedure outlined in (a), except that only two
fetal bovine serum levels (20 and 50%) were used.

(¢) Digitoxin - Human Hemoglébin Binding: Hemoglobin comprises
more than 90 per cent of the total solid red cell mass and has a con-—
centration of 328 gm. per liter of erythrocytes (56). Hence, if di-
gitoxin rapidly permeates the plasma membrane, as proposed in Model 6,
it is reasonable to assume that the drug may well interact with the
hemoglobin in the cell interior. The extent of this possible drug -
protein interaction was appraised using equilibrium dialysis experiments.

Two solutions containing 100% and 50% of hemoglobin were prepared
by dissolving 3.28 gm. and 1.64 gm. of the protein, respectively, in
10 ml. of phosphate buffered saline. Three dialysis experiments were
carried out with each of the solutions according to the procedure des-
cribed in (a).

Purity Determination of Ouabain —3H and Digitoxin —°H

In order to check for possible biodegradation of the tritium
labelled ouabain and digitoxin in the presence of erythrocytes and
fetal bovine serum, the purity and stability of these drugs was de-
termined before and after uptake experiments.

Four ml. of red cells were incubated in 15 ml. of media containing
ouabain —°H or digitoxin ~2H and 15% FBS for 10 hours. At the end of
the incubation period, the cell suspensions were centrifuged and the

supernatants and erythrocyte sediments placed into separate vials.
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Ouabain: The vial containing the supernatant with ouabain H
was placed in an oven at 70 O¢ and the water evaporated under a stream
of nitrogen gas. The erythrocyte - associated ouabain was removed from
the 4 ml. of cells with five successive extractions using a total of
75 ml. of ethanol. The extraction procedure of ouabain from the cells
was better than 85% effective. The radiochemical purity of ouabain in
these two vials and that of fresh ouabain was checked using thin layer
chromatography.

Three TLC glass platesl, pre—coated with Silica Gel 60F - 25k,
were first spotted at the origin with a solution containing nonradio-
active ouabain2 (approximately O.1 mg. of nonradioactive ouabain per
spot). The nonradioactive ouabain samples to be assayed were placed on
top of the nonradioactive ouabain spots. The plates were then developed
using the chloroform: methanol: water (65 : 30 : 5 V/V/V) solvent system.

Digitoxin: The tritiated digitoxin was extracted from the cells
and the supernatant using chloroform. Five successive extractions were
carried out with both vials utilizing a total of 75 ml. of chloroform
for each. Better than 95% of digitoxin was recovered from the cells
and the supernatant by the extraction procedure.

After first spotting the origin of three Silica Gel precoated TLC
glass plates with nonradioactive digitoxin3 in chloroform (approxi-
mately 0.l mg. nonradioactive digitoxin per spot), the digitoxin ~3H
samples were placed on top of the nonradioactive digitoxin spot. The

plates were subsequently chromatographed using the benzene: 95% ethanol

1. Brinkmann Instruments, Inc. Des Plaines, Ill. 60016
24 Sigma Chem. COI‘p., St. Louis, Mo. 63178
3. Mann Research Laboratories, Inc., NeY., N.Y. 10006
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(6:1 V/V) solvent system.
The purities of the two glycosides were determined by the use of
a radiochromatogram scannerl.

3

Specific Activity Determination of Ouabain —“H and Digitoxin -3H

The specific activity values for the two glycosides were determined
utilizing the saturation binding property that erythrocytes exhibit
with these drugs. In order to reduce the error due to variation in the
drug - erythrocyte affinity, the same pool of erythrocytes was used for
all experiments.

Ouabain: A constant aliquot of tritiated ouabain was added to four
vials. The amount of radioactive drug was sufficient to saturate all
erythrocyte binding sites. Ten ml. of phosphate buffered saline con-
taining 0, 2, 4 or 6 x 108 nonradiocactive ouabain and 1 ml. of red
cells were then added to each vial. After incubating the cell suspen-
sions for ten hours, four 0.1 ml. RBC samples and four O.l ml. samples
of the supernatant were collected from each suspension and analyzed
for radioactivity. The decrease of the cell associated radioactivity
with increasing concentration of the nonradioactive ouabain in the
suspension medium allowed for the estimation of the specific activity
of the tritiated ouabain that was present in the suspension medium.

Digitoxin: A constant amount of tritiated digitoxin, sufficient
to saturate all the cell-associated Langmuir binding sites, was added
to four vials. Ten mle. of phosphate buffered saline containing O, 1, 2
or 4 x 1078 nonradiocactive digitoxin and 1 ml. of red cells were then

introduced into each vial. The suspensions were vigorously shaken for

1. Packard Instrument Co., Inc. Downers Grove, Ill. 60515 . Model 7201
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15 sec. and an aliquot from each suspension was then removed for
analysis of the "zero time" drug uptake by the cells. The remaining
suspensions were incubated for six hours, after which time, four
O.1 ml. RBC samples and four O.1 ml. samples of the supernatant were

collected from each vial to be analyzed for their radioactivity.



RESULTS OF THE COMPLEMENTAL STUDIES

Intercellular Red Cell Plug Error and Efficiencies

The error due to drug trapped between the compacted red blood cell
plugs was evaluated with four samples using PEG - 4,000 - lhc. Since
this compound does not interact with erythrocytes, any radioactivity
that is present in the RBC plugs must be attributed to intercellular
entrapment of the suspension medium containing the radioactive compound.
The data collected from the analysis, adjusted for quenching and back-
ground radiation of each sample, are listed in Table I. From this data,
a mean value of h.75% was calculated for the intercellular red cell
plug error. An appropriate correction was subsequently applied to all
0.1 ml. RBC plug samples, as will be shown later.

The efficiencies of samples containing either medium or red blood

cells were evaluated by

DPM — DP
4 Bfficiency = Aviﬁer . E?;f“e % 100 (Eq. €0)
S

td. std.

where DPMstd is the number of disintegrations per minute of 1 ml. of
. 3 1,

internal standard (water - “H or toluene - C)e DPMbefore and
DPMafter are the disintegrations per minute of the samples before and

after the addition of a A Vol. of the internal standard, respectively.
Background radiation counts (DPMbkgd ) and efficiency factors for
all samples permitted the evaluation of the absolute DPM values for the

medium, DPM

ned. .abs.’ and the red cell plug samples, DPMRBC abs.? using
b ] * 1 L]

these equations:

DPM DPM

_ med. med.,bkgd.
DPMmed.,abs. - Efficiency 4 x 100 (Eq. 81)
and
DPMppG aps, = A + 00475 A (Eq. 82)
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Table I. Results of the analysis for the intercellular

red blood cell plug error using PEG — 4,000 — “4C.
DPM /0.1 DPM /0.1 ml
Sample Mégiumﬁl. RB& MLe % Error
1l 69,429 3,124 L+50
2 72,655 3,545 1,88
3 70,870 3,368 Le75
L 71,813 3,482 L.85

Mean Intercellular Red Cell Plug Error : LeT75

% Efficiency and background radiation corrections were
applied to all samplese.
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where

DPMppc ~ PPMRRG,bked: _ 0,75 DEM

A= EfficiencyRBC med.,abs.

DPMmed. and DPMRBC represent the disintegrations per minute of the "raw"
data obtained for the medium and red cell samples, respectively. The
determination of the absolute DPM values for the RBC plugs with equation
(82) takes into account the L.75% intercellular red cell plug error.

The scintillation counter efficiencies for the tritiated glycosides
ranged between 18 and 23 per cent for the samples containing erythrocytes
and between 29 and 31 per cent for the samples containing medium.

Calibration of Centrifuge Tube and Hematocrit Tube

The cell counts, measured for each of the centrifuge and hemato-
crit 0.1 ml. RBC plugs and their respective diluted suspensions, were
normalized with respect to the dilution factor and are summarized in
TPable II. The small differences in cell count that were observed with
the suspensions of the two highest dilutions indicate that coincidence
and dead-time error in these systems were minimal. Therefore, the
absolute number of cells in the 0.1 ml. RBC plugs could be estimated
from the suspensions with the highest dilution. The average number of
erythrocytes in these four O.1 ml. RBC plugs was computed to be
1.07 x 109. This number compares favorably with that of 1.15 x 109
which is computed using the reported average red cell volume of
87 x 10-12 cm3. The difference between the experimentally determined
number of erythrocytes in the O.1 ml. red cell plugs and the theoretical
value, in fact, can almost entirely be attributed to the intercellular

red cell plug error.

Stability of Erythrocyte Suspensions with Time

The results obtained for the various transport related parameters
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that were tested for their time dependent constancy are listed in
Table III. These results clearly indicate that the pH and the number
of cells in suspension remain constant over a twelve hour period. The
complementary tests of the hematocrit and number of cells per 0.1l ml.
of red cell plug show that the cell volume does not change during the
same time period. Furthermore, visual observation of the supernatant
over the twelve hour period indicated that little or no hemolysis of
the erythrocytes occurred. It should be noted that the overall stability
of erythrocytes, particularly in the absence of fetal bovine serum in
the suspension medium, was much reduced when the incubation period ex-
ceeded fifteen hours. Transport studies that indicated any sign of
cellular deterioration were immediately stopped.

Fvaluation of Binding Constants from "Zero Time" Measurements

(a) Evaluation of K, (Models 2 and 5, equation 14) or K (Model 6,
equation 8): Figure 10 shows a plot of the instantaneously accumulated
cellular digitoxin concentration as a function of the drug concentration
in the external phosphate buffered saline medium. The linear regression
line for all data points, forced through the origin, gave a slope of
2.26. According to equation (14) in Model 2 or equation (8) in Model 6,
the magnitude of the slope is equal to Kbm or K, respectively. The
correlation coefficient was 0.999. The excellent fit of the experimental
data does not only demonstrate the existence of the linear relationship
between the cell - associated drug concentration and the free drug con-
centration in the medium but also indicates that the value of Kbm or K
is apparently independent of the scurce of the red cells and the presence
of neomycin sulfate in the medium.

(b) Reversibility of Instantaneous Digitoxin - Erythrocyte Inter-
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Table III. Stability determination of pH, hematocrit, number of
cells in 0.1 ml. of suspension and O.l ml. RBC plug with two cell
suspensions containing O and 30% FBS. The cell counts were deter—
mined with a Coulter counter, Model A.

* *% e
Time FBS pH #of cells Hematocrit #of cells
hrs. % x 10°8/0.1 % x 108/0.1
mle. SUSpn. ml.RBC plug
0 0 T2 74,20 7.50 6.820
L 0 Te37 7372 7.50 6.804
8 0 735 T407 755 6.812
12 0 7.36 T7.35. 7.60 6.807
0 30 739 7.126 T35 6.73L
L 30 Te3L 7.068 740 6.735
8 30 7.38 7.093 7.30 6.719
12 30 736 7.123 7.30 6.709
* mean value from ten readings

*% mean of two readings
*¥%% vyalues are not adjusted for coincidence and dead-time error
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action (equation 14 or 8): The rapid reversibility of the instantaneous
digitoxin - erythrocyte interaction is clearly shown in Figure 11.
Linear regression analysis of all data points gave a slope of 2.28 which
is also equal to the value of Kbm or K. The correlation coefficient for
all data points was 0.999.

(c) Effect of Red Cell Age on K, or K: The data collected for
the digitoxin - erythrocyte binding constant, Kbm or X, as a function
of red cell incubation time are given in Table IV. The mean value for
Kbm or K, listed in Table IV, is 2.28. The magnitude of Kbm or K, within
experimental error, does not change over a twelve hour period of incuba-
tion of the erythrocytes in phosphate buffered saline.

(d) Evaluation of K, or K and K (equations 35 or 78): The
plot of (CT/Cs)t=O or (CT/Ci)t=O versus FBS concentration used for the
evaluation of the digitoxin - fetal bovine serum and the digitoxin -
erythrocyte equilibrium binding constants is shown in Figure 12, Linear
regression analysis of the data gave a slope and intercept of 2.41 and
0.4, respectively. The digitoxin - erythrocyte binding constant, Kbm
or K was computed from the intercept as 2.27 and the FBS binding constant,
Kb' was evaluated from the slope and intercept to be 5.47.

(e) Interaction Between Digitoxin and Erythrocyte Ghosts: Figure 13
shows that the amount of digitoxin that is instantaneously taken up by
RBC ghosts is linearly related to the concentration of the drug in the
medium and that the instantaneous drug uptake is also readily reversible.
Linear regression analysis of the data shown in Figure 13 gave a slope
of 1.07, which is identical to the digitoxin ~ RBC ghost binding constant.

The composition of the RBC ghost interior, except for a small amount

of residual hemoglobin, is expected to be identical to that of the in-
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Table IV. Data collected for the digitoxin - erythrocyte
equilibrium binding constant as a function of erythrocyte
incubation time and determined from "zero time" measurements.
The cells were incubated in phosphate buffered saline. The
temperature was 30 °C. The values for Kpm or K were calcula-
ted with equations (14 and 8), respectively.

Incubation K orK Standard
Time, hrs. Deviation
0 2.27 0.026
1 2.30 0.012
2 2.2, 0.018
3 2.28 0.022
L 2.33 0.044,
6 2.31 0.024,
8 2.26 0.046
10 2.29 | 0.037
12 2.28 0.069
Mean : 2.28

* Mean value from four determinations
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20

DPM x 10™°/ml. RBC

0 1 1 [

0 2 I 6 8
DPM x 10—5/ml. medium

Figure 10. Amount of digitoxin taken up by 1 ml. of RBC
versus concentration of digitoxin in the external phos-
phate buffered saline at "zero time". The slope is 2426
and is equal to the digitoxin - erythrocyte binding con-
stant, Kpp or K« The temperature was 30 °C. The pre~
sence (()T or absence (@) of 0.5 mg. neomycin sulfate
per ml. of medium is inconsequential.
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DPM x 10~°/ml. RBC

0 1 2 3 L 5 6

DPM x 107°/ml. medium

Figure 11. Amount of digitoxin taken up by 1 ml. RBC versus concentra—~
tion of digitoxin in the external phosphate buffered saline at "zero
time". Plot demonstrates the rapid reversibility of the instantaneous
cellular drug uptake. Open and identical closed symbols represent the
data collected from one particular suspension system before and after
rapid dilution, respectively. The slope is 2.28 and is equal to the

digitoxin - erythrocyte binding constant Kyp or K. The temperature was
30 ©C.
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Figure 12. "Zero time" data for the ratio of total digitoxin concen-
tration in media to the RBC concentration versus FBS levels in the
suspension media. The slope is 2.41 and the intercept is O.44. With
equations (35 and 73), the digitoxin - erythrocyte binding constant,
Kpm or X, and the digitoxin — FBS binding constant, Ky, are computed
from the slope and intercept as 2.27 and 5.47, respectively. The tem-
perature was 30 °C. The absence (O ) or presence (@) of 0.5 mge
neomycin sulfate in the suspension media was inconsequential.
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DPM x 10™°/ml. RBC — Ghosts

0 2 L 6 8 10
DPM x 10™°/ml. medium

Figure 13. Amount of digitoxin taken up by 1 ml. RBC - ghosts versus
concentration of external phosphate buffered saline at "zero time".
Plot demonstrates the rapid reversibility of the instantaneous drug
uptake. The temperature was 30 °C. Open and identical closed sym—
bols represent data obtained from one particular suspension before
and after rapid dilution, respectively. The slope is 1.07 and is
equal to the digitoxin - RBC - ghost binding constant.
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cubation medium. Hence, if the instantaneous digitoxin uptake is the
result of diffusion of the drug into the cell interior, as proposed in
Model 6, it would be expected that the digitoxin - RBC ghost binding
constant is near unity. On the other hand, it could be argued that the
presumed linear membrane binding property, discussed in Models 2 and 5,
could have been partially destroyed during the freezing and thawing
process of the erythrocytes. The present data for the digitoxin - RBC
ghost interaction, therefore, favors the hypothesis of rapid permeation
of the drug into the cell interior. However, more information is re-
quired before a definitive conclusion can be drawn regarding the me—
chanism of the instantaneous digitoxin uptake by erythrocytes.

Equilibrium Dialysis

The data collected from the different equilibrium dialysis ex—

periments was analyzed with
Ky = .5 (tem) (Ea. 77)

where KD typifies the respective drug - substrate equilibrium binding
constant, CD represents the equilibrium concentration of the donor side
containing FBS or human hemoglobin of fraction S and CR is the equilibrium
concentration of the receiver side containing no substrate.

(a) Digitoxin — Fetal Bovine Serum Binding: A summary of the data
that was obtained for the digitoxin -~ FBS systems is given in Table V.
The mean value for the digitoxin — FBS binding constant, Kb, calculated
from the data listed in Table V, is 5.65 with a standard deviation of
0.38., This value is in good agreement with that determined from “zero
time" kinetic data listed in Table VIII.

The apparent loss of digitoxin ~>H from the systems may be the
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result of adsorption of the compound to the cellulose dialysis membrane
or it may be due to partitioning of the drug into the silicone grease
that was used to seal the dialysis chambers. The apparent loss of
digitoxin should, however, have no influence on the magnitude of the
equilibrium values.

A summary of the equilibrium binding constants determined for the
digitoxin - erythrocyte and digitoxin - fetal bovine serum interactions
using the different experimental methods is given in Table VIII. A mean
value of 2.27 and 5.52 was found for the digitoxin - erythrocyte and
digitoxin — FBS binding equilibrium constants, Kbm or K and Kb' respec-
tively.

(b) Ouabain ~ Fetal Bovine Serum Binding: Table VI lists the
results that were obtained for the dialysis of ouabain and fetal bovine
serum. The data indicates that there is essentially no interaction be-
tween ouabain and FBS.

(¢) Digitoxin — Human Hemoglobin Binding: The data for the digi-
toxin - human hemoglobin dialysis experiments are given in Table VII.
The extent of the digitoxin -~ hemoglobin interaction appears to be protein
concentration dependent. The mean equilibrium binding constant, Kbh’ in
the presence of 100% and 50% hemoglobin was 1.86 and 3.50, respectively.
The reduction in the equilibrium adsorption constant value with 100%
hemoglobin could be attributed to increased hemoglobin - hemoglobin in-—
teraction at the higher protein concentration which, in turn, may decrease
the affinity of hemoglobin for digitoxin.

The cell water of erythrocytes available for diffusing solutes is
generally considered to comprise 66% of the total cell volume. The

total amount of digitoxin that can instantaneously be taken up by



Table V.

equilibrium binding constant, Ky
dialysis data using equation (83

8l

).

Data obtained from equilibrium dialysis experiments for the
estimation of the digitoxin - FBS binding constant, Kp.
dium was phosphate buffered saline

The basic me-

and the temperature 30 ©C. The
was determined from the equilibrium

Time 5% FBS 10% FBS 20% FBS
(hrs.) Cy Cq Cp Cq Cp Cq
0 144323 23 144370 25 Ly 395 21
8 2,734 608 2,821 507 3,346 162
25 2,055 1,237 2,404, 963 2,865 891
46 1,894 1,396 2,160 1,101 2,595 1,037
67 1,909 1,510 2,134 1,280 2,57, 1,198
80 1,887 1,48L 2,171 1,307 2,572 1,184
96 1,880 1,490 2,152 1,362 2,500 1,223
Bquilibrium : 1,892 1,495 2,152 1,316 2,5,9 1,202
Ky 5431 6435 5460
Time 30¢% FBS LO% FBS 50 FBS
(hrs.) Cy Cq Cy Cp Cy C
0 5,009 23 Ly LT 25 L4261 25
8 3,955 Lo, 3,729 397 3,806 376
25 3,498 866 3,379 732 3,493 711
L6 3,216 1,069 3,151 898 3,188 797
67 3,179 1,176 3,105 957 3,098 832
80 3,242 1,198 3,088 936 3,119 851,
96 3,182 1,237 3,124 931 3,127 81,8
Equilibrium : 3,201 1,204 3,106 941 3,115 8L5
K, 5.53 5.75 5.37

% Mean value calculated from equilibrium data (67, 80 and 96 hrs.) s
Cp and CR represent concentrations in DPM/0.01 ml. medium of the
donor and receiver sides of the dialysis chamber, respectively.
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Table VI. Equilibrium dialysis data for the ouabain - FBS system.
The basic medium was phosphate buffered saline and the temperature
30 ©C. The donor side of the dialysis chamber contained the human
hemoglobin. The equilibrium binding constant, Kpo, was evaluated

with equation (77).

20% FBS 50% FBS
Time c c c c
g D R D R
2L 9,863 9,591 5,442 5,003
L8 9,775 9,686 5,409 54274
72 9,695 9,701 5,368 5,298
96 9,723 9,734 5,423 5,317
Equilibrium : 9,709 9,718 5,385 5,308
K 0 0.03

* Mean value calculated from 72 and 96 hours data.

Cp and CR represent concentrations in DPM/0.01 ml. medium of the
donor and receiver side of the dialysis chamber, respectively.
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Table VII. Equilibrium dialysis data for the digitoxin - human hemo-
globin system. The basic medium was phosphate buffered saline. The
donor side of the dialysis chamber contained the human hemoglobin.

The temperature was 30 ©°C. The equilibrium binding constant, Kbh’ was
evaluated with equation (77).

100% Human Hemoglobin

(’il‘lir:e) Cy Cp Cp Cq Cp Cq
21 6,270 1,638 8,210 1,772 9,268 2,442
18 5,936 2,022 7,723 2,147 8,832 2,903
72 5,754 2,216 7,536 2,387 8,599 3,134
96 5,862 2,140 7,496 2,413 8,721 3,104
Equilibr. : 5,808 2,178 7,516 2,400 8,660 3,119
Ky 1.67 2,13 1.78
50% Human Hemoglobin
T.
(hro.) % Cr %p °r ®p Cg
24 4,995 917 6,698 1,367 9,534 2,584
48 4,597 1,253 6,252 1,823 9,066 3,023
72 4,375 1,492 5,851 2,100 8,827 3,300
96 4,321 1,156 6,111 2,196 8,865 3,508
Equilibr. : 4,348 1,504 5,981 2,148 8,756 3,404
Kin 3.79 3.57 3.1

* Mean value calculated from 72 and 96 hours data.
Cp and Cp represent concentrations in DPM/0.01 ml. medium of the
donor and receiver side of the dialysis chamber, respectively.
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Table VIII. Mean values determined for the instantaneous, linear
and reversible digitoxin - erythrocyte and digitoxin - fetal bovine

serum binding constants Kpy or K and Kp, as determined by different
experimental methodse.

Experimental Method Kbm or K Kb Equation
"Zero time" analysis 2,26 1, or 8
(no FBS)

"Zero time" analysis 2.28 1, or 8

(reversibility check, no FBS)

"Zero time" analysis 2.28 1, or 8
(RBC incubation effect)

"Zero time" analysis 227 547 35 or 78
(different FBS levels)

Equilibrium dialysis 5.56 83

Mean: 2.27 552
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erythrocytes as a result of diffusion is the sum of the drug that has

permeated into the aqueous cell phase plus the fraction of drug which

is bound to hemoglobin in the cell interior. Hence, the digitoxin -

erythrocyte equilibrium binding constant due to diffusion, i.e. K,

would be approximately 2.52. This number is close to the value of

2.27 which was determined for Kbm or K from "zero time" experiments.
Thus, it appears reasonable to conclude from the above consideration

as well as from the information gathered for the digitoxin —~ RBC ghost

interaction that the instantaneous, linear and reversible digitoxin -

erythrocyte interaction previously defined by Kbm or K is, in fact,

the result of rapid diffusion of the drug iﬂto the cell interior and

therefore is best represented by the intrinsic partition coefficient, K.

Purity Determination of Ouabain JH and Digitoxin 3K

The radiochromatogram scamner recordings for the different
ouabain —3H and digitoxin 2 samples are shown in Figure 1) and
Figure 15, respectively. The single peaks on these radiochromato-
grams clearly show that neither of the two glycosides were chemically
degraded to any large extent by either the erythrocytes or the fetal
bovine serum present in the suspension media.

Specific Activity Determination of Ouabain JH and Digitoxin 34

Ouabain: The value determined for the cellular concentration when
there was no nonradioactive ouabain in the medium was taken to represent
100% cellular saturation and served as a reference point in the specific
activity computations. The addition of nonradioactive ouabain to the
suspension medium resulted in a reduction of binding of tritiated
ouabain to the cells. Relating the percent decrease of cellular radio-
activity to the known concentration of nonradioactive ouabain in the

suspension medium as well as the DPM measured for the ouabain SH in
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Solvent Front ————3

— |
1,000 DPM

Figure 14. Radiochromatogram scamner recordings obtained for the dif-
ferent ouabain — 3H samples. Curve A represents the cell extracted
ouabain, curve B represents the ouabain from the medium and curve C
represents the radiochemically pure ouabain provided by the commer-
cial supplier. The background radiation was the same for all three
recordings. The single, superimposed peaks demonstrate that the drug
remained stable in the presence of erythrocytes and FBS.
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Figure 15. Radiochromatogram scanner recordings obtained for the
different digitoxin - 3H samples. Curve A represents the cell
extracted digitoxin, curve B represents the digitoxin extracted
from the suspension medium and curve C represents the radiochem-
ically pure digitoxin provided by the commercial supplier. The
background radiation was the same for all three recordings. The
single, superimposed peaks demonstrate that the drug remained
stable in the presence of erythrocytes and FBS.
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the medium allowed for the calculation of the specific activity of
the drug for each suspension system.

The data obtained for the specific activity determination of
ouabain 3H is shown in Table IX. The average specific activity
of ouabain was found to be 10.2 Ci/mM. This value is in close
agreement with that of 11.7 Ci/mM given by the comercial supplier.

Digitoxin: The calculation of the specific activity of
digitoxin 3H from the experimental data was carried out in the
same manner as that of ouabain. The results of the specific
activity determination of digitoxin are listed in Table X. The

average specific activity of digitoxin -BH was 15.7 Ci/mM.
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Table TX. Debermination of the specific activity of ouabain —H in
the presence of a known concentration of nonradioactive ouabain in
the suspension medium. The DPM/ml. RBC saturation value with no non-
radioactive ouabain in the medium acted as a reference point.

Nonradioactive Ouabain  DPM'/ml.  DPM /ml. Specific Activity
in Medium, M Medium RBC Ci/mM
0 793,131 347,143
2 x 107° 800,377 221,806 9.88
L x 1078 765,791 159,183 10.25
6 x 107 808, 40l 128,341 10.42

Mean Specific Activity : 10.20

* Mean value for four samples
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Table X. Determination of the specific activity of digitoxin —BH in
the presence of a known concentration of nonradioactive digitoxin in
the suspension medium. The DPM/ml. RBC saturation value with no non~
radioactive digitoxin in the medium served as a reference point in
the computation of the specific activity.

Nonradioactive Digitoxin  DPM /ml.  DPM /ml.  Specific Activity
in Medium, M Medium RBC % Ci/mM
0 505,181 563,164
1x10° 495, b 330,503 16.20
2 x 1078 h83,051 245,059 1,425
L x 1078 514,725 146,747 16.60

Mean Specific Activity : 15.70

¥ Mean value for four samples

*% The linear cellular drug uptake component was subtracted prior to
the tabulation.



OUABAIN AND DIGITOXIN TRANSPORT

Using the respective specific activities that were determined
for the ouabain —3H and digitoxin —BH, the radioactivity that was
measured for the different transport samples was converted to the
molar unite.

The mathematical solutions for all physical models previously
described were programmed for the analysis of the transport data with
a digital calculatorl- The transport parameters for the different up-
take and release experiments were then evaluated with the various models
by adjusting the magnitude of these parameters until the best visual
fit of the theory with the experimental data was obtained. In this
section, the analysis of the transport data will be discussed only
with the model that was found to give the best correlation between
the theory and the kinetic data for the respective glycoside - eryth-
rocyte transport system. The unsuitability and process of elimination
of the other models is described in the next section.

OQuabain Uptake and Release Experiments

As will be seen, excellent agreement was found for the uptake and
release data for all ouabain and fetal bovine serum concentrations with
Model 4. TFigures 16 and 17 show the kinetic data for the cellular
ouabain uptake from media containing 0% FBS and different drug con-
centrations. The solid lines, representing the best theoretical fit
to the data, were computed with equation (64)« The magnitudes of the
transport parameters determined for the different plots in these fig-

ures are listed in Table XI.

1. Hewlett — Packard, Loveland, Colorado 80537. Model 10.

9L,
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Figure 18 shows the kinetic data that was collected for the re-
lease of the cellular ouabain into media containing 0% FBS and the
theoretical curves that were obtained using Model 4. The Langmuir
binding sites of the cells in both release experiments were completely
saturated with ouabain during the preincubation period. The values of
the transport parameters determined from the theory and the experimental
data for these release experiments are given in Table XII. The mean
value for the adsorption rate consfant, determined from the uptake ex—
periments, was kf = 5,75 x 10"9 cm./sec. and the mean value for the de-~
sorption rate constant, evaluated from the release experiments was

<L moles/cm? sec.. The value of the dissociation con-

kr = 3,37 x 10"
stant for the ouabain - erythrocyte complex, computed from the ratio
of the desorption rate constant to the adsorption rate constant, was
5.8 x 1075 moles/ml.RBC. The maximum number of molecular ouabain
binding sites per cell was evaluated using the mean value of Q and
found to be 753 ¥ 96. Figure 19 gives the equilibrium data that was
obtained from the transport experiments with media containing 0% FBS.
This plot clearly demonstrates the nonlinear binding and saturation
characteristic of the ouabain - erythrocyte interaction. The theoreti-
cal plot in Figure 19 was computed with equation (67) using the average
values that were determined for kf, kr and Q.

Tables XI and XII show that in the theoretical analysis of the
experimental uptake studies, the mean value for the desorption rate
constant was held constant and taken to be that determined from re-
lease experiments; whereas in the analysis of the release data, the
mean adsorption rate constant, determined from the uptake experiments,

was utilized and held constant. The reason for doing this was that



96

the theory of Model 4 for drug uptake is quite sensitive to changes

in the magnitudes of kf and Q but rather insensitive to kr' For re-
lease experiments, on the other hand, the theory is quite sensitive

to the variations in the magnitudes of kr and Q but quite insensitive
to kge This particular aspect of Model 4 (and, as will be seen, Model
6) will be discussed in more detail in the next chapter.

Figures 20 and 21 show Model 4 plots of the kinetic data for the
cellular ouabain uptake from media containing different concentrations
of the drug and 5% FBS. The values of the transport parameters deter—
mined for these plots with equation (64) and the experimental data are
listed in Table XIII. Release data and Model 4 plots for three release
experiments are given in Figures 22 and 23. All three release experi-~
ments were carried out in media containing 5% FBS and with cells that
were completely saturated with ouabain at the beginning of the release
experiments. The theoretically evaluated transport parameters and
experimental data for these figures are listed in Table XIV. The mean
rate constants for these transport systems containing 5% FBS in the

21 moles/cm?

media were k, = 3.26 x 107 cm./sec. and k= 2.99 % 10”
seces The dissociation constant for the ouabain - erythrocyte complex
in the presence of 5% FBS was calculated to be 9.2 x 10713 moles/ml.RBC
and the maximum number of molecular ouabain binding sites per cell,
computed from the mean value of Q, was 783 T 78, Figure 24 shows the
equilibrium data of the cell - associated ouabain as a function of the
ouabain concentration in the medium containing 5% FBS and the theoreti-
cal Langmuir isotherm computed with the mean values of kf, kr and Q.

Figures 25 and 26 show data of the cellular ouabain uptake from

media containing different concentrations of ouabain and 15% FBS as
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well as the best fitting theoretical.plots for the uptake data. The
transport parameters determined from the data in these figures and
the experimental data are given in Table XV. Model 4 plots for ouabain
release data are shown in Figure 27. The media contained 15% FBS.
The release experiments shown in this figure were carried out with cells
that were completely saturated with ouabain as well as cells which were
only partially saturated with the drug. The analysis of the data in
this figure clearly demonstrates that Model )4 is well capable of ex—
plaining the kinetic data, irrespective of the level of cellular sa-—
turation at the beginning of the release experiment. The transport
data for this figure are listed in Table XVI. The data of two more re-
lease experiments in 15% FBS medium are shown in Figure 28. These ex-
periments were carried out in the presence of 1 x 10—5 Mand 1 x 10-3 M
nonradioactive ouabain in the suspension medium. The analysis of the
data in this figure with Model /4 yielded transport parameters which
were similar to those determined for the systems containing 15% FBS in
the medium but no nonradioactive ouabain. The transport parameters for
the data in Figure 28 are listed in Table XVI. The purpose and sig-
nificance of the release experiments in the presence of the nonradio-
active ouabain in the suspension medium will be discussed in the next
chapter.

The mean rate constants for the ouabain transport in the presence
of 15% FBS in the suspension medium were ke = 132 x 1077 cm./sec. and

21 moles/cm? seces The dissociation constant for the

k, =240 x 107
ouabain - erythrocyte complex was computed to be 1.82 x 107 moles/
ml.RBC. By using the average value for Q obtained from the uptake and

the release data, the maximum number of molecular ouabain binding sites
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per cell in the presence of 15% FBS in the media was calculated as
590 X 23.

Figure 29 shows the equilibrium data of the cell - associated
ouabain as a function of the ouabain concentration in the medium con-
taining 15% FBS. The theoretical Langmuir isotherm was compuited LIing
the average values of kf, kr and Q, that were determined from the up—
take and release experiments.

Summary of Ouabain Transport

The close association observed between the theoretical plotr
and the experimental data presented for the uptake and release cf
ouabain in suspension media containing different drug and fetal Lo-
vine serum concentrations very satisfactorily demonstrates the zult-
ability of Model 4. The mean values of the transport parameters
that were evaluated for the systems containing O, 5 and 15% FES are
summarized in Table XVII.

The experimental data shown in the different Langmuir isotherz
plots indicate that, in the absence of fetal bovine serum in the
suspension medium, there is some scatter, whereas with increasing
FBS levels in the media the experimental precision is much improved.
Thus, it appears that the presence of fetal bovine serum in the sus-
pension media acts upon the erythrocytes in a stabilizing zanner.

The theoretical plots for all the ouabain uptake and release
data in the presence of different FBS concentrations were obtainec
by adjusting the rate parameters kf and kr as well as the celluiar
saturation value, Q, for each particular experiment until the best
fit between the theory and the experimental data was obtained. It

should be noted, however, that because of the rather small deviations
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per cell in the presence of 15% FBS in the media was calculated as
590 * 23 |

Figure 29 shows the equilibrium data of the cell - associated
ouabain as a function of the ouabain concentration in the medium con=—
taining 15% FBS. The theoretical Langmiir isotherm was computed using
the average values of kf, kr and Q, that were determined from the up-
take and release experiments.

Summary of Ouabain Transport

The close association observed between the theoretical plots
and the experimental data presented for the uptake and release of
ouabain in suspension media containing different drug and fetal bo-
vine serum concentrations very satisfactorily demonstrates the suit-
ability of Model 4. The mean values of the transport parameters
that were evaluated for the systems containing O, 5 and 15% FBS are
summarized in Table XVII.

The experimental data shown in the different Langmuir isotherm
plots indicate that, in the absence of fetal bovine serum in the
suspension medium, there is some scatter, whereas with increasing
FBS levels in the media the experimental precision is much improved.
Thus, it appears that the presence of fetal bovine serum in the sus-
pension media acts upon the erythrocytes in a stabilizing manner.

The theoretical plots for all the ouabain uptake and release
data in the presence of different FBS concentrations were obtained
by adjusting the rate parameters kf~and kr as well as the cellular
saturation value, Q, for each particular experiment until the best
£it between the theory and the experimental data was obtained. It

should be noted, however, that because of the rather small deviations
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that were observed between the individual values of kf and kr for
any particular FBS concentration, reasonably good theoretical fits
for all the ouabain transport data could also be obtained by using
the average values of the rate constants for the respective FBS
levels and the experimentally determined values of Q.

A statistically significant decrease in the magnitudes of both
the adsorption rate constant and desorption rate constant with in-
creasing FBS concentrations in the media Qas observed. This decrease
in affinity of the erythrocytes for ouabain with increasing FBS
levels may be attributed to electrolytes that are present in the
fetal bovine serum. Gardner and Conlon (53) reported that the rate
of ouabain uptake by erythrocytes was reduced when some of the
sodium in the suspension medium was replaced by potassium or choline.
It could be postulated that the reduced affinity of erythrocytes for
ouabain is the result of a competitive binding effect. The erythro-
cyte — glycoside binding sites may also have an affinity for certain
cations and possibly anions that are present in the fetal bovine
serume. When sodium ions occupy the receptor site, they may be re-
placed by ouabain at a certain rate, whereas if some other ions
such as potassium occupy the sites, the rate of displacement is
slower because of stronger interaction of the ions with the receptor
sites resulting in a decreased value for the adsorption rate constant
in the presence of different fetal bovine sexrum concentrations in ﬁhe
media. A stronger argument, that the change in affinity is attributed
to electrolyte effects, will be presented in the summary of the digi-
toxin transport data. Congruent with the decrease in the rate constants,

the dissociation constant for the ocuabain - erythrocyte complex in-
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creased with higher FBS levels in the suspension media.

The number of molecular ouabain binding sites per cell in the
absence of FBS in the media is approximately 750 and appears to de-
crease with increasing levels of FBS in the media. The small decrease
in binding sites with the higher FBS concentrations suggests that a
small fraction of the ions in the fetal bovine serum responsible for
the decrease in the ouabain - erythrocyte affinity may be irreversibly
bound to the erythrocyte receptor sites.

The cellular saturation equilibrium data that were observed
with the ouabain uptake experiments raised the question as to
whether the permeability coefficient for the transport of ouabain
into the cells was so small that the diffusional uptake component
could experimentally not be resolved or whether the drug did not
partition into the cell interior because of insufficient solvent
water in the cell interior. This question was resolved by equili-~
brium dialysisl. At equilibrium, the ouabain concentrations of the
donor side containing 100% human hemoglobin and the receivgr side
containing phosphate buffered saline were nearly identical. The
results then suggest that the absence of a linear cellular ouabain
uptake component is not the result of unfavorable thermodynamic prop—
erties of the cell interior but rather that the permeability coeffi-—
cient for the diffusional ouabain uptake must be very low.

Digitoxin Uptake and Release Experiments

As will be seen, excellent agreement was found for all the

1. The interaction between ouabain and human hemoglobin was evaluated
using two equilibrium dialysis studies which were experimentally
analogous to the procedure outlined on p. 66 for the digitoxin -
human hemoglobin interaction.
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digitoxin transport data with Model 6. In the theoretical analysis
of the digitoxin uptake and release experiments, the value of the
digitoxin - fetal bovine serum equilibrium binding constant, Kb, was
taken to be 5.52. For uptake experiments, the digitoxin -~ erythro-
cyte equilibrium binding constant, K, was determined by extrapolating
the kinetic data to zero time, whereas in the analysis of release
experiments, the mean value of X = 2.27 was utilized.

Figure 30 shows the kinetic data that was obtained for the cell-
ular digitoxin upteke from media containing 0% FBS and different
concentrations of the drug. The theoretical plots shown in this
figure represent the best fit obtained with Model 6. The experi-
Amental data for the different experiments clearly illustrate the
instantaneous drug uptake. The transport parameters evaluated with
equation (75) and the experimental data for this figure are listed
in Table XVIII. Figures 31, 32 and 33 show digitoxin release data
and the best fitting Model 6 plots. The release experiments were
carried out in media containing O% FBS and the cells were completely
saturated with the drug during the preincubation period. The rapid
jmitial loss of drug from the cells is the result of drug release
from the cell interior, whereas the slow cellular drug release that
follows is the result of digitoxin desorbing from the Langmuir bind-
ing sites. The values of the transport parameters determined for the
release experimenté shown in Figures 31, 32 and 33 and the experimental
data are given in Table IXX. The mean value of the adsorption rate
constant, determined from uptake experiments, was 1l.93 X 10_8 cm./sec.
and the average value of the desorption rate constant, evaluated

21

from the release data, was 3.92 x 10~ moles/cm% sec.s The dis-
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sociatioﬁ constant for the digitoxin - erythrocyte complex in the
absence of FBS in the media was computed from the ratio of kr to
ky as 2.0 x 103 moles/ml.RBC. The maximum number of molecular
digitoxin binding sites per cell was calculated from the maximum
cellular saturation concentration Q as 729 I 60.

Figure 34 shows the equilibrium data of the total cell - associated
digitoxin concentration as a function of the digitoxin concentration
in the medium containing 0% FBS. fhe data clearly show the linear
and nonlinear drug uptake components. The theoretical curve was
obtained with equation (79) using the average values of kg, k , Q and
K that were determined from the uptake and release experiments. Figure
35 shows the equilibrium data of the cellular digitoxin bound to Lang-
muir sites as a function of the digitoxin concentration in the media
containing 0% FBS. The theoretical curve in this figure was computed
with equation (67) using the average values of ko, k and Q as de-
termined with Model 6 for the uptake and release data. The data in
Figure 35 clearly demonstrates the nonlinear binding and saturation
characteristic of the digitoxin - erythrocyte interaction.

Figures 36 and 37 show digitoxin uptake data and the best fitting
Model 6 plots. The suspension media contained 5% FBS and different
concentrations of digitoxin. The transport parameters determined with
Model 6 and the experimental data for these figures are given in Table
XX. Figures 38, 39 and 40 give digitoxin release data and Model 6
plots which gave the best fit to the data. The suspension media con-
tained 5% FBS and the cells in the transport systemé were completely
saturated with digitoxin during the preincubation period. The trans-

port parameters and experimental data for these figures are listed
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Figure 30. Model 6 plots of the cellular digitoxin uptake data. The
media contained different concentrations of digitoxin and no FBS. The
temperature was 30 OC. The theoretical transport parameters ke, ki and
Q, determined with equation (75), and the experimental data for this
figure are listed in Table XVIII.
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Figure 31. Model 6 plot of the cellular digitoxin release data. The
medium contained no FBS and the temperature was 30 OC. The cellsg were
preincubated in phosphate buffered saline containing digitoxin -°H for
8 hrs. The theoretical transport parameters kg, kr and Q, determined

with equation (75), and the experimental data for this figure are listed
in Table IXX.
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Figure 32. Model 6 plot of the cellular digitoxin release data. The
medium contained no FBS and the temperature was 30 °C. The cells were
preincubated in phosphate buffered saline containing digitoxin ~-3H for
8 hrs. The theoretical transport parameters kf, k, and Q, determined

with equation (75), and the experimental data for this figure are
listed in Table IXX.
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Figure 33. Model 6 plot of the cellular digitoxin release data. The
medium contained no FBS and the temperature was 30 OC. The cells were
preincubated in phosphate pbuffered saline containing digitoxin -3H for
8 hrs. The theoretical transport parameters kf, k, and Q, determined

with equation (75), and the experimental data for this figure are listed
in Table IXX.
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Figure 36. Model 6 plots of the cellular digitoxin uptake data. The

media contained 5%
temperature was 30

FBS and different concentrations of digitoxin. The
OC, The theoretical transport parameters kg, ky and

Q, evaluated with equation (75), and the experimental data for this
figure are given in Table XX.
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Figure 37. Model 6 plots of the cellular digitoxin uptake data. The
media contained 5% FBS and different concentrations of digitoxin. The
temperature was 30 9C. The theoretical transport parameters kg, k. and
Q, evaluated with equation (75), and the experimental data for this
figure are given in Table XX. :
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Figure 38. Model 6 plot of the cellular digitoxin release data. The
medium contained 5% FBS and the temperature was 30 °C. _The cells were
preincubated in media containing 5% FBS and digitoxin 3H for 8 hrs.
The theoretical transport parameters ke, ky and Q, evaluated from the

experimental data using equation (75), and the experimental data are
given in Table XXTI.
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Figure 39. Model 6 plot of the cellular digitoxin release data. The
medium contained 5% FBS and the temperature was 30 OC. The cells were
preincubated in media containing 5% FBS and digitoxin -3H for 8 hrs.
The theoretical transport parameters kg, kr and Q, evaluated from the
experimental data using equation (75), and the experimental data are
given in Table XXI.
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Figure 4O. Model 6 plot of the cellular digitoxin release data. The
medium contained 5% FBS and the temperature was 30 °C. The cells were
preincubated in media containing 5% FBS and digitoxin -3H for 8 hrs.
The theoretical transport parameters kg, k, and Q, evaluated from the

experimental data using equation (75), and the experimental data are
given in Table XXI.
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Figure LO. Model 6 plot of the cellular digitoxin release data. The
medium contained 5% FBS and the temperature was 30 °C. The cells were
preincubated in media containing 5% FBS and digitoxin -3H for 8 hrs.
The thecretical transport parameters kg, k. and Q, evaluated from the

experimental data using equation (75), and the experimental data are
given in Table XXI1.
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Figure 43. Model 6 plots of the cellular digitoxin uptake data. The
media contained 15% FBS and different concentrations of digitoxin. The
temperature was 30 ©C. The theoretical transport parameters kf, kp and
Q, evaluated using equation (75), and the experimental data for this
figure are given in Table XXIII.
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Model 6 plots of the cellular digitoxin uptake data. The

media contained 15% FBS and different concentrations of digitoxin. The
temperature was 30 ©C.
Q, evaluated using equation (75), and the experimental data for this
figure are given in Table XXIII.

The theoretical transport parameters kr, ky, and
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Figure 45. Model 6 plot of cellular digitoxin release data. The

media contained 15% FBS. The cells were preincubated for 10 hrs. in
media contaiming 15% FBS and digitoxin —3H. The theoretical transport
parameters k¢, k, and Q, determined with equation (75), and the experi-
mental data for this figure are given in Table XXIII.
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Figure 46. Model 6 plot of cellular digitoxin release data. The media
contained 15% FBS. The cells were preincubated for 10 hrs. in media
containing 15% FBS and digitoxin ~3H. The theoretical transport para-
meters kg, k. and Q, determined with equation (75), and the experimental
data for this figure are given in Table XXIII.
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Figure 47. Model 6 plot of cellular digitoxin release data. The media
contained 15% FBS. The cells were preincubated for 10 hrs. in media
containing 15% FBS and digitoxin -3H. The theoretical transport para-
meters kf, kp and Q, determined with equation (75), and the experi-
mental data for this figure are given in Table XXIII.
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Figure 48. Model 6 plot of the cellular digitoxin release data. The
medium contained 15% FBS and the temperature was 30 °C. The cells were
preincubated in media containing 15% FBS and a low concentration of di-

gitoxin _3H for 2 hrs. The theoretical transport parameters kf, kp and

Q, evaluated with equation (75), and the experimental data are given in
Table XXIII.
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in Table XXI. The values of kf and kr for these systems containing

5% FBS and determined from the uptake and release data were 1.34 x 10_8

cm./sece and 3.58 x 1072t

moles/cm% sec., respectivelye.

The dissociation constant for the digitoxin — erythrocyte complex
in the presence of 5% FBS was evaluated as 2.7 X 10713 moles/ml.RBC.
The maximum number of molecular digitoxin binding sites per cell in
the presence of 5% FBS was calculated from the average value of Q .
as 647 * L2.

Figure 41 shows the equilibrium data of the total cell — associa-
ted digitoxin concentration as a function of the unbound digitoxin
concentration in the media containing 5% FBS. The theoretical plot
was computed with equation (79) using the mean values of kg, k., Q
and K that were determined from the uptake and release data. Figure
4,2 shows the equilibrium data of the cellular digitoxin bound to
Langmuir sites as a function of the unbound digitoxin concentration
in the media containing 5% FBS. The theoretical plot in this figure
was computed with equation (67) using the average values of kf, kr
and Q that were evaluated for the transport systems containing 5% FBS.

Figures 43 and 44 show Model 6 plots for the digitoxin uptake
data. The media in these uptake studies contained 15% FBS and different
concentrations of digitoxin. The transport parameters that were evalu~
ated with Model 6 for the data shown in these figures and the experi-
mental data are given in Table XXII. Figures 45 through 48 show Model
6 plots for the digitoxin release data. The transport parameters and
experimental data for these plots are listed in Table XXIII. The
media for these release studies contained 15% FBS. The cells for the

release studies shown in Figures 45, L6 and 47 were preincubated in
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media containing digitoxin H long enough to reach complete cellular
saturation. The release data shown in Figure 48 represent a most in-
teresting case. The cells in this particular experiment were pre-
incubated in media containing a low concentration of digifoxin for
two hours. At the end of this incubation period, the Langmuir bound
cellular digitoxin concentration was still far below the saturation
value. The data indicate a rapid initial loss of drug from the cells
followed by drug uptake by the cells. The theoreﬁical Model 6 plot
for the data in Figure 48, in fact, predicts the cellular uptake
following the rapid initial loss of digitoxin from the cell interior.
This example further supports the validity of Model 6.

The average values of kf and kr determined from the uptake and

release data are L.32 X ].0"9 cm./sec. and 2.97 x 10_21

moles/cm% S€Ce,
respectively. The dissociation constant for the digitoxin — erythro-
cyte complex in the presence of 15% FBS was computed as 6.9 x 10733
moles/m1.RBC. The maximum number of molecular digitoxin binding
sites per cell in the presence of 15% FBS in the media was computed
from the average value of Q as 531 + 52, Figure L9 shows the equi-
librium data of the total cell — associated digitoxin concentration
as a function of the unbound digitoxin concentration in the medium
containing 15% FBS. The theoretical curve in Figure L9 was computed
with equation (79) using the average values of k., k , Q and K that
were determined from the uptake and release data. Figure 50 shows
the equilibrium data of the cellular digitoxin bound to Langmuir
sites as a function of the unbound digitoxin concentration in the
media containing 15% FBS. The theoretical plot of the Langmuir

isotherm was computed with equation (67) using the mean values of
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kf, kr and Q that were determined from the transport data.

Summary of Digitoxin Transport

The excellent correlation that was obtained between the theory
of Model 6 and the experimental digitoxin transport data for the
suspension systems containing 0, 5 and 15% FBS and a wide range of
digitoxin concentrations clearly demonstrates that the model is
compatible with the findings of this study. The mean values of the
transport parameters that were evaluated for the different digitoxin
transport systems are listed in Table XXIV.

The theoretical plots for all the digitoxin transport data
were computed by adjusting the parameters kf, kr and Q until the
best fit between the theory and the experimental data was obtained.
The reader should recognize, however, that the deviations of the
parameters, kf, kr and Q as shown in Table XXIV are quite small and
for this reason, reasonably good theoretical fits to all the digitoxin
transport data could also be obtained by utilizing a single set of
the mean values of kf, kr and Q as determined for any particular
fetal bovine concentration in the suspension media.

Analogous to the ouabain transport, a significant decrease in
the magnitude of the adsorption and desorption rate constant was
observed with increasing FBS levels in the external media. In order
to resolve the question of whether the influence of the fetal bovine
serum on the magnitudes of kf and kr was due to protein components
or other components of the fetal bovine serum, the following studies
were carried out with chemically well defined media. The uptake
of digitoxin by erythrocytes from phosphate buffered saline con-

taining 5, 10, 15 and 30% fetal bovine albumin was determined at



155

30 °C, The transport parameters evaluated with equation (75) for
these studies are listed in Table XXV. The constancy of the values
for kf and Q determined for these systems containing different con-
centrations of pure fetal bovine albumin support the hypothesis

proposed in connection with the ouabain transport data that the

change in affinity of the erythrocytes for ouabain as well as digi-
toxin is the result of competitive interaction of electrolyte components
with the erythrocyte - glycoside receptor sites.

The maximum number of molecular digitoxin binding sites per
cell in the absence of FBS in the media is approximately 730 which
is comparable to the number of ouabain binding sites. The decrease
in the maximum number of digitoxin binding sites with increasing
FBS concentrations can be attributed to the same effects as those
discussed for the ouabain transport data.

Finally, the transport data demonstrate that the rapid cellular
digitoxin uptake, after factoring out the serum binding effects, is
linearly related to the unbound digitoxin concentration in the
suspension media and therefore, the intrinsic partition coefficient
is independent of the digitoxin concentration and the fetal bovine

serum level in the suspension media.
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THE ROLE OF THE PHYSICAL MODEL APPROACH

In the present section, the course that this investigation fol-
1lowed and the role that the physical model approach played in eluci-
dating the true transport mechanism for the ouabain - and digitoxin -
erythrocyte systems will be summarized.

The transport of the cardiac glycosides ouabain, digoxin and di-
gitoxin into Burkitt lymphoma cells was recently investigated in our
laboratories by Turi (12). The author reported that the transport
data of the glycosides into the cells could well be explained with the
use of diffusion models.

In the present investigation, it was then assumed that the trans-
port of ouabain into erythrocytes may well occur by the same mechanisme
Uptake experiments were carried out using a relatively narrow range of
ouabain concentrations in the suspension medium. The kinetic data was
evaluated using the simple diffusion model (Model 1) and excellent
agreement was found between the theory and the experimental data. Fig-
ure 51 shows a typical ouabain uptake experiment and the good fit that
was obtained with Model 1. The transport parameters for this experiment
are listed in Table XXVI. If the uptake of ouabain by the cells is truly
the result of diffusion of the drug into the cell interior, then this
process should be reversible and the permeability coefficient and par-
tition coefficient for both the uptake and the release experiments
should ideally be identical for both processes. Thus, to further test
the validity of Model 1, release experiments were carried out. TFigure
52 shows the data of a typical release study. Using the permeability
and partition coefficient determined for the uptake experiment shown in

Figure 51, the data in Figure 52 was analyzed with Model 1 and the theo-
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retical curve plotted in Figure 52. There was obviously a large dis—
crepancy between the experimental data and the predictions of the model
and the question arose as to whether or not the drug had been degraded

in the cell interior or whether the drug could have altered the membrane
permeability itself. TLC analysis of the drug revealed that no biocon-
version of the drug had taken place. To check the latter possibility,
uptake experiments were carried out using lower concentrations of the
ouabain in the suspension medium. The uptake data using these lower
drug concentrations were evaluated with Model 1. No change was observed
in the magnitude of the permeability coefficient, but the partition
coefficients showed a marked increase with the lower drug concentration.
A plot of all the equilibrium data for the cell - associated ouabain con-
centration versus the ouabain concentration in the medium revealed a non-
'l1inear relationship. The plot, in fact, closely resembled a Langmuir
isotherm. This nonlinear binding clearly demonstrated that Model 1,
which requires a constant partition coefficient, could not be the proper
model for the ouabain transport process.

Subsequently, Model 3 was derived which was to account for the non-
linear drug — erythrocyte interaction. This model assumes that the drug
molecules diffuse into the cells and rapidly bind to Langmuir sites.

The analysis of the transport data with this model required a knowledge
of the overall Langmuir rate constant, k, and the value of the maximum
amount of drug that can bind to the cell - associated Langmuir sites,
Q. Figure 53 shows the plot that was to allow for the evaluation of
the parameters k and Q with equation (51). The nonlinearity that was
observed between (C/Cc - C) and C clearly demonstrates that it was

impossible to evaluate k and Q from the data shown in Figure 53.
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Therefore, Model 3 in its original form could not be the proper model.
Using the assumption that Cm>¢>Cf, Model 3 was then modified.
The parameters k and M for this modified Model 3 were evaluated from
the plot (C/Cm) versus (C) shown in Figure 54 using equation (67).
The overall Langmuir rate constant, k, was found to be L.88 x MDll
ml.RBC/mole and the cellular saturation concentration was computed as

1.47 x 107°%

moles/RBC.

The theory of the modified version of Model 3 was then tested
against the ouabain uptake data shown in Figure 51. The transport
parameters that were used in the evaluation of this model are listed
in Table XXVI. The theoretical plot of this model is shown in Figure
51. The theory of Model 3 follows the experimental data at early times
but soon deviates and finally chokes off before reaching the maximum
cell concentration. The model was then tested against the release data
shown in Figure 52. The transport parameters for this analysis are
1isted in Table XXVI. As can be seen in Figure 52, the theoretical plot
for the release poorly correlated with the experimental data. Thus,
Model 3 in its original form as well as the modified form of this model
failed to explain the ouabain transport data.

The argument was then made that if the ouabain molecules bound to
Langmuir sites are in rapid equilibrium with the unbound ouabain mole-
cules in the cell interior, as proposed in the two versions of Model 3,
then the ouabain molecules bound to these Langmuir sites should readily
exchange with nonradioactive ouabain molecules that had permeated into
the cell interior. To resolve this question, cells were incubated in
3y

the presence of ouabain —He. Subsequently, the release of the tritiated

ouabain from the cells was investigated in the presence of 1 x 21.0"5 M
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and 1 x 10-3 M nonradioactive ouabain in the suspension media. The
data of these experiments, shown in Figure 28, clearly indicate that
the presence of nonradioactive ouabain in the media had essentially
no effect on the rate of cellular drug release thereby further sug-
gesting the inappropriateness of Model 3.

At this stage of the investigation, it became apparent that the
uptake of ouabain by erythrocytes may not represent a diffusion process
at all but rather that the drug, in fact, may merely adsorb to Langmuir
sites that are associated with the plasma membrane. This conclusion
led to the derivation of Model 4. Whereas Models 1 and 3 failed to
satisfactorily explain the ouabain transport data shown in Figures 51
and 52, the theoretical plots of Model 4 correlated well with the trans—
port data shown in these figures as well as all the transport studies
discussed in the previous section. The transport parameters and ex-
perimental data for the Model 4 analysis of the data shown in Figures
51 and 52 are listed in Table XXV.

Model L possesses some characteristic features which are noteworthy
to mention. In the analysis of uptake data it was found that the theo—
retical plots were quite sensitive to any changes in the magnitude of
kf and Q but rather insensitive to kr' This point is illustrated in
Figure 55. Large variations in the magnitude of kr, while keeping
the remaining transport parameters constant, produced relatively small
deviations of the theory from the experimental uptake data as shown in
Figure 55. The analysis of the release data with Model 4, on the other
hand, revealed that the theory was sensitive to any changes in kr and
Q but rather insensitive in k.. This point is illustrated in Figure 56

which shows typical ouabain release data and the best theoretical plot
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of Model 4. Increasing the magnitude of k. by more than 50%, while
leaving the remaining transport parameters constant, produced very
1ittle deviation between the theoretical plot and the experimental
data as shown in Figure 56.

The analysis of the data associated with the plateau of the Lang-
muir isotherms shown in Figures 19, 24 and 29 indicated that the devia-
tion between the experimental points was approximately ¥ 15%.

Utilizing the observations discussed above, a decision was made
to analyze‘the ouabain transport data using Model 4 in the following
manner: For uptake experiments, the value of kf was determined by
best fitting the theory to the experimental data, using the average
value of kr determined from release experiments. For release experi-
ments, the magnitude of kr was evaluated by obtaining the best fit of
the theory to the experimental data using the average value of kf de-
termined from uptake experiments. For uptake and release experiments,
which clearly indicated that steady-state conditions had been reached,
the cellular saturation value Q, directly computed from the particular
equilibrium data, was used for the theoretical analysis; whereas for
systems which had not yet reached equilibrium, the theoretical analysis
was carried out using the average value of Q that was determined from
the plateau of the Langmuir isotherms but allowing for a X 15% variation
of the magnitude of this parameter.

Preliminary uptake studies for digitoxin revealed that a certain
fraction of drug was rapidly taken up by the cells. This rapid drug
accumilation was followed by a slow cellular drug uptake. The same
transport phenomenon was reported by Turi (12) for the uptake of digi-

toxin by Burkitt lymphoma cells. Turi proposed that the rapid digi-
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toxin.uptake was the result of binding of the drug to the cell membrane
while the slow drug uptake component was shown to be the result of dif-
fusion of digitoxin into the cell interior. His observations extrapola-
ted to the erythrocyte system suggested that digitoxin may rapidly bind to
the erythrocyte plasma membrane and that the slow cellular drug uptake
could be attributed to diffusion of digitoxin into the cell interior.
Model 1 was subsequently modified to account for the presumed rapid
membrane binding process as well as the digitoxin - serum binding effects.
This new model, Model 2, was tested with the digitoxin transport data.
Figure 57 shows experimental data that were observed for a particular
digitoxin uptake experiment. The analysis of the data shown in Figure
57 with Model 2 gave excellent agreement between the theory and
the experimental data. The transport parameters for this analysis
are listed in Table XXVII. To further test the validity of Model 2,
release experiments were carried out. Figure 58 shows the data for
a typical release experiment. The release data were tested with
Model 2 using the same transport parameters as those used for the up-
take experiment shown in Figure 57. The transport parameters utilized
for the analysis are given in Table XXVI. As shown in Figure 58,
Model 2 failed to give any correlation with the release data. Uptake
experiments which were subsequently carried out using a wide range
of digitoxin concentrations indicated that the intrinsic partition
coefficient was concentration dependent and that there was a nonlinear
relationship between the cell ~ associated equilibrium drug concentration
and the equilibrium concentration of the drug in the medium. Thus,
although Model 2 was well able to predict the uptake data, it could not
be the proper model since it failed to predict the release data and also

because the partition coefficient was concentration dependent.
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The above observation suggested that the slow digitoxin uptake
may very well follow the same transport mechanism as that found for
the ouabain transport, i.e., the slow cellular digitoxin uptake
component could be the result of adsorption of the drug to plasma
membrane — associated Langmuir binding sites. Model 4 was modified
to account for the presumed instantaneous membrane binding of digi-
toxin and the serum binding effect of the drug. The digitoxin trans-
port datawere then evaluated with the newly derived Model 5 and ex—
cellent agreement was found between the theory of this model and the
digitoxin transport data. Model 5 proposed that the plasma membrane
possesses linear and nonlinear receptor sites for digitoxin. Although
the proposed concept of the membrane possessing two distinct types of
binding sites is plausible, it nevertheless raised the question of
whether or not the instantaneous digitoxin uptake by the cells could
not instead be attributed to rapid permeation of the drug into the cell
interior. To resolve this question, the interaction between digitoxin
and human hemoglobin as well as the interaction between digitoxin and
human erythrocyte ghosts were quantitatively assessed. The information
gathered from these experiments subtly suggested that the concept pro-
posing the rapid digitoxin uptake to be the result of permeation was
to be favored. For this reason, Model 5 was then replaced by Model 6
which treats the rapid digitoxin uptake component in terms of permea-—
tion of the drug into the cell interior. Mathematically and kinet—
ically, however, Models 5 and 6 are indistinguishable.

Figure 57 shows the good fit that was obtained with Model 6
(or 5) for the digitoxin uptake data shown in this figure. The digi-

toxin release data shown in Figure 58 was evaluated with Model 6 and
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Figure 57. Cellular digitoxin uptake data analyzed with Models 2 and 6
(or 5). The medium was phosphate buffered saline and the temperature
was 30 °C. Key: solid line was computed with Model 6, equation (75);
dashed line was obtained with Model 2, equation (24). The transport
parameters used for the theoretical curves are summarized in Table XXVI.
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Figure 58. Cellular digitoxin release data analyzed with Models 2 and

6 (or 5). The medium was phosphate buffered saline and the temperature
30 °C. Key: the solid line was obtained with Model 6, equation (75);

the dashed line was calculated with Model 2, equation (24). The trans-
port parameters used for the two theoretical curves are given in Table

XXVI.
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as can be seen in this figure, as well as the data presented in the
previous section, excellent agreement was found between the theory
and the kinetic data. The transport parameters used for the theoreti-
cal Model 6 plot in Figures 57 and 58 are listed in Table XVI. The
analysis of the digitoxin transport data with Model 6 was carried out
analogously to the method used with Model Lj i.e., the mean value of
kr that was determined from the release experiments was utilized in
the analysis of the uptake data and vice versa, the mean value of

kf that was determined from uptake experiments was used to analyze

the release data.

The study presented here illustrates that the physical model
approach to the quantitative and mechanistic analysis of drug trans-
port in cell suspensions is a most powerful tool if used to its ful-
lest potential. The excellent fit that was obtained with Models 1
and 2 for the uptake of ouabain and digitoxin, respectively, is a
case in point. Only by further testing these modelé with uptake ex-
periments using a wide range of drug concentrations as well as release
experiments, did it become apparent that these models were mechanis—
tically unsuitable.

It can therefore be concluded that the physical model approach to
transport studies is unique in that it provides the investigator with
a continuous frame of reference. As demonstrated in the present in-
vestigation, the physical model approach combined with the thorough
examination of all aspects related to the drug transport phenomena
eventually revealed the precise nature of the transport mechanisms
as well as provided a quantitative assessment of all transport re-

lated parameters for the transport of ouabain and digitoxin into eryth—
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rocytese.

Many questions regarding the transport and pharmacological
activity of cardiac glycosides remain to be answered. From a
physical chemistry point of view it would be of interest to examine
the influence that various anions and cations in the suspension
media may have on the transport process. Also, transport studies
at different temperatures would allow for the estimation of the
activation energies of the glycoside - erythrocyte interactions
whereas uptake studies with erythrocytes whose plasma membranes
have been carefully stripped of various components may eventually
reveal the precise nature and location of the glycoside receptor
sites.

Furthermore, it would be of great interest to investigate the
biological and pharmacological implications of the glycoside -
erythrocyte interactions in view of the findings of the present
investigation. Gardner and Conlon (52) have already demonstrated
that there is a direct relationship between the potassium influx
in human erythrocytes and the extent of ouabain binding to the red
cell membrane. The pharmacological activity and mode of action
of glycosides on heart cells could be studied by relating the rate
and amplitude of cellular contraction to the rate of cellular
glycoside uptake as well as the total amount of drug that is bound
to the cell surface. One study to elucidate the action of cardiac
glycosides on the heart has been coﬁducted by Okarma et g;.(S?).
These authors examined the influence of digoxin, dihydrodigoxin and
their covalently bound albumin conjugates on cultures of neonatal

heart cells and found that these compounds elicited dose - related
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increases in contraction amplitudes and contraction rates from the
cells. Finally, the investigation of the structure - activity
relationships of the various glycosides would represent a novel

and pharmacologically most beneficial project. It is well known
that the aglycon portion of the cardiac glycoside molecules contains
the essential structures for the pharmacological activity. Although
the sugar residue or residues of the glycosides possess no biological
activity per se, they nevertheless significantly influence the
magnitude of the pharmacological activity. Therefore, the substi-
tution of different sugar moieties to the aglycones of naturally
occuring glycosides could yield new, more powerful drugs for cardiac
therapy.

The study and elucidation of the many unanswered physical,
chemical and pharmacological phenomena concerning the transport and
action of cardiac glycosides requires a multidisciplinary approach.
The present investigation should provide a solid base line for many

of the studies yet to follow.
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