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MEASUREMENT OF THE POTENTIAL DIFFERENCE AND THE
DISTRIBUTION OF ELECTROLYTES ACROSS THE MEMBRANE
OF THE SHAY CHLOROLEUKEMIC TUMOR CELL

ABSTRACT

Since cellular activities are influenced by the ion concentrations
which in turn are important in the maintenance of the potential difference
(PD) across the membrane, the behavior of malignant cells may result from
abnormal membrane function. In the present investigation, the size and
nature of the PD of the Shay chloroleukemic cell was examined. These leu-
kemic cells grow into a solid tumor when injected intraperitoneally into rats.
The tumor was used in all of the experiments, Measurements of the PD were
made using intracellular microelectrodes and standard electrical recording
apparatus. In an initial investigation, the mean PD of Shay chloroleukemic
tumor cells in normal Ringer medium was -9.4 mV. In order to determine
which ion is responsible for this PD, experiments were designed to yield the
information necessary for use in the Nernst equation. The Nernst equilibrium
potential for an ion distributed passively across the membrane is given by
this equation. If the equilibrium potential for an ion is equivalent to the mea-
sured PD, then the PD can be said to depend on the distribution of that ion.
In general, the procedure used to determine the extent to which potassium or
chloride ions are responsible for the PD was to measure the PD of tumor cells
bathed in media containing either an increased concentration of potassium or
a decreased concentration of chloride. Intra- and extracellular concentrations
of ions were measured and the extent of equilibration of tissue sodium or
chioride with labeled-sodium or labeled-~chloride in the medium was measured.
The extracellular space of the tissue used was determined with CM-inulin.

A small change from the normal distribution of the PD was observed when
PD measurements were made in 20-, 80-, or 120 mM K Ringer medium.
The Nernst equilibrium potential for potassium was =73 mV. Therefore,

the potassium ion is probably not a major contributor to the maintenance of



this PD. However, when pieces of tumor bathed in media in which chlo-
ride was replaced by sulfate were examined, a marked depolarization of

the membrane to zero or a reversal of the sign occurred. Therefore, the
chloride ion distribution is of major importance in the maintenance of the
PD. Since the Nernst equilibrium potential for chloride was about three
times greater than the observed PD, -21 mV, it was proposed that another
ion, namely sodium, also played a role in this respect. To test this possi-
bility, the fluxes of sodium and chloride ions across the cell membrane were
determined. These fluxes were based on the kinetic analysis of the uptake
of Na22 and 0136 by pieces of tumor. The kinetics of isotope distribution
among the compartments of the system (medium, extracellular space, and
intracellular space) were solved by analog computation. The flux between
each compartment was calculated from the equation: flux = (rate constant)
(compartment size). It was found that the sodium flux across the cell memb-
rane (0. 4 to 0. 8 micromoles/minute) was almost twice as fast as that for
chloride (0. 3 micromoles/minute). Calculation of the Goldman equation
using this data predicted a PD of +8.7 mV in one case and +9.3 mV in anot-
her. The calculation of a predicted PD which is positive may be due to the
use of a value for the relative permeability of sodium to chloride which in
all likelihood is too great. However, it is postulated that there is enough of
a sodium leak flux to shunt the chloride equilibrium potential and together
with the potassium ion distribution result in the observed PD.

Similarly low membrane potentials have been reported for other malig-
nant cells. Aull (1967) found the PD of Ehrlich mouse ascites tumor cells
was -11 mV and determined primarily by the chloride ion distribution
shunted by sodium ions. The PD of mouse L cells, -15 mV, is also pre-
dicted by the chloride ion distribution (Lamb et al., 1970). It may well be
that a change in membrane structure and physiology which leads to increased

sodium permeability occurs in malignant cells.



INTRODUCTION

A fundamental characteristic of all cells is the maintenance of ionic
concentrations inside the cell which differ from those in the extracellular
fluid. An unequal distribution of ions across a membrane will give rise to
an electrical potential difference which is maintained ultimately by active
transport processes and the differential permeability of the cell membrane,
The ability of malignant cells to proliferate, metastasize and invade normal
tissues may be related to the molecular character of the cell surface and
membrane.

In the present study, the potential difference of a malignant cell memb-
rane was examined. The Shay chloroleukemic animal provides a convenient
source of malignant cells which can be obtained from tumors or from the
circulation of the animal. Shay et al. (1951; 1952) succeeded in producing
this myelogenous leukemia in Wistar rats by gastric instillation of 20-me-
thylcholanthrene. The transfer of this leukemia is accomplished by the
administration of intact leukemic cells into normal young rats. Intraperi-
toneal or subcutaneous injection of tumor cells results in a solid tumor at
the site of injection. Intravenous injection of tumor cells causes a predic-
table sequence of events in the animal, including invasion of the bone marrow
by leukemic cells, where they proliferate. The Shay chloroleukemia rep-
resents a transplantable myelogenous leukemia, of which there are very
few, whose progression is comparable to the myelogenous leukemia in man.
This experimental leukemia has served as a useful model for the study of
normal as well as pathologic hematopoiesis ( Handler and Handler, 1970).

Usually the leukemias are limited to a single cell line, indicating that
the leukemic process acts beyond the progenitor cell either at or beyond
the differentiated stem cell level. This indicates impairment of the normal
process of maturation. In many instances, the leukemias are characterized
by an essentially normal or even slower generation time, impaired matura-

tion, altered cell release into the circulation, and prolonged cell survival,



resulting in a progressive accretion of the potentially divisible cell popula-
tion arrested in an intermediary phase of development (Bierman, 1967).

The Shay chloroleukemic cell proliferates without maturation and in-
vades normal hematopoietic tissues. These characteristics make it a good
model for a malignant cell. In this cell, differentiation appears to be
arrested in either the myeloblast or promyelocyte stage, and proliferation
occurs leading to a solid tumor, when the cells are placed intraperitoneally
or subcutaneously. In the case of intravenously injected cells, invasion of
the bone marrow occurs to such an extent that in the late stage of the leuke-
mia almost no other cell types can be found in the femoral bone marrow
(Handler et al., 1968).

Cone (1970a; 1971) has proposed a theory which relates the two funda-
mental characteristics of malignant cells, i.e. uncontrolled proliferation
and the ability to metastasize and invade normal tissues. This theory pre-
dicts that the malignant cell membrane has a much lower potential difference
than the corresponding normal cell. This is observed in the case of rhab-
dosarcoma cells which have a potential difference of about -15 millivolts
while normal muscle has a resting potential of about -90 millivolts (Balitsky
and Shuba, 1964). Cone suggests that the source of this lower potential
difference may be related to the molecular character of the cell surface and
its degree of interaction and bonding with other cells. Thus, in normal
tissue, the surfaces of similar cells are highly compatiblé and tightly bonded
by surface adhesion. The potential difference is high and the rate of division
of the cells is very low. Dissociation of normal tissue cells, e.g. by enzyme
treatment, results in a depolarization of the membrane followed by increased
proliferation in culture, Therefore, the fundamental implication is that an
alteration in the molecular architecture and specificity of the cell surface
is an essential change occurring in malignant transformation.

The results obtained in potential difference simulation experiments with
Chinese hamster cells in culture demonstrate a direct relationship between

the potential difference and mitotic activity (Cone and Tongier, 1970). It



was found that culture medium compositions designed to impose intracellular
ionic conditions simulating high potential difference levels (about -70 milli-
volts) reversibly blocked DNA synthesis and mitosis, while lower levels

(in the range of those observed to exist normally for these cells in culture,
about -10 millivolts) produced maximum proliferation rates. According to
Cone (1970b), the two primary factors which determine the potential differ-
ence, sodium conductance and sodium efflux, are intimately associated with
the metabolic state of the cells, which in turn is influenced by the potential
difference, thus leading to a dynamic feedback circuit. There is some data
which imply that sodium concentrations in excess of those used normally in
culture media have a stimulatory effect on mitotic activity in vitro. Hypo-
tonic pulsation of synchronized, monolayered mouse cells with sodium
chloride produced a striking increase in mitotic activity and a shortening of
interphase (Cone, 1969).

Thus, the maintenance of the malignant state could be the result of a
dynamic self-sustaining, metabolic feedback system. For example, the
autonomous division characteristic of malignant cells could be envisioned
as the result of a stable feedback circuit in which surface polymers (protein
or mucopolysaccharide) produced by the cell as a result of induced malig-
nant transformation cause a low negative potential difference. This low
potential difference brought about by high sodium conductance or decreased
sodium efflux, in turn, insures continued activation of metabolic pathways
involved in the production of the particular polymer forms necessary to
maintain the low potential difference and associated mitosis. (Cone, 1970b;
1971). This theory is compatible with some experimental observations and
it provides a basis for the design of further experiments to test its validity.

As a result of physicochemical investigations of membrane structure,
Wallach (1969) proposed that there is a common feature underlying the
diversity of neoplasia; alterations in one or more of their membrane sys-
tems may be a regular feature of tumor cells. This hypothesis results from

his theory of membrane structure in which large regions of the cell membrane



are believed to be lattices of interacting lipoproteins. In such a system
any one subunit would of necessity modulate the behavior of other members
of the lattice. Wallach postulates that an oncogenic agent acts to introduce
an inappropriate protein into cell membranes, either in replacement of or
in addition to normal components. Numerous membrane functions, inclu-
ding transport and immunologic recognition, would be modified as a conse-
quence, accounting for the membrane changes seen in various cancers
(Wallach, 1968; 1969).

Relatively little study has been directed to membrane transport as to
whether or not it influences or reflects abnormal maturation in leukemic
cells. Rigas (1961) studied intracellular cation concentrations in human
leukemic [eukocytes and found a relatively low sodium to potassium ratio.
Block and Bonting (1964) examined the Na-K-activated ATPase system pre-
sent in normal and leukemic leukocytes and found that its activity was high-
est in acute leukemic leukocytes, chronic lymphatic leukemic cells, and
lowest in normal leukocytes. This activity was correlated with the morpho-
logic immaturity of cells in the granulocytic line. In other studies of this
kind, Lichtman and Weed (1968) found that small [ymphocytes and myeloblasts
have a higher activity than polymorphonuclear granulocytes. Chronic granu-
locytic leukemic cells and chronic lymphocytic leukemic leukocytes resembled
their normal counterparts in cation content and ATPase actvity. In general,
higher cell sodium, higher ATPase activity and higher cell surface charge
density (as measured by electrophoresis) were found in young granulocytes
(myeloblasts) as compared with mature granulocytes, In these studies, the
small lymphocyte resembled the myeloblast more closely than the polymor-
phonuclear granulocyte. Therefore, the observed differences between nor-
mal and leukemic cells may reflect differences related to the degree of matu-
ration of the cell and not to their leukemic condition.

Other studies have been made relating the influence of ion transport, ion
concentrations and membrane physiofogy on the metabolism of normal and

tumor cells. Tosteson (1966) studied ion transport in sheep red blood cells



and found that active transport of sodium and potassium proceeds about
four times more rapidly in HK (high potassium) than in LK (low potassium)
cells. In addition, ATPase activity was greater in HK red cells. When LK
sheep were subjected to massive hemorrhage, the cells formed during the
subsequent rapid hematopoiesis contained much more potassium than cells
released normally. Cells were separated by density gradient centrifuga-
tion and it was found that the lightest cells were the youngest and had the
higher pump activity. Therefore, it was proposed that the LK membrane
develops relatively late in cytodifferentiation.

It has been shown that ouabain inhibits the blastogenic action of phyto-
hemmaglutinin as well as the incorporation of tritiated nucleosides into nuc-
leic acids in human lymphocytes (Quastel and Kaplan, 1968)., Excess potas-
sium in the culture medium diminished or prevented this effect of ouabain.
Lubin (1967) examined the effect of potassium on the inhibition of protein
synthesis in mouse sarcoma and L cells caused by amphotericin B. It was
inferred from his results that the depression of macromolecular synthesis
in the presence of antibiotic can be reversed by increasing the level of intra-
cellular potassium. Also, only a small decrease in intracellular potassium
was needed to produce a proportionate decrease in macromolecular synthesis.
However, as pointed out by Lubin, the results do not distinguish between a
direct effect of potassium levels and an indirect effect, such as inhibition of
synthesis or utilization of ATP., Moreover, the loss of potassium from mam-
malian cells is known to be compensated for by a gain in sodium and there-
fore, the results may be attributed to a change in the potassium to sodium
ratio.

Levinson and Hempling (1967) presented data which suggest that ion trans-
port plays a role in the regulation of respiration in the Ehrlich mouse ascites
tumor cell. They found stimulation of respiration by potassium and inhibi-
ton of this effect by oligomycin. It DNP was added after the oligomycin,
this inhibition was reversed and the resulting respiratory rate was higher
than that prior to the addition of any potassium. Since DNP relieved the



inhibition of respiration produced by oligomycin but external potassium did
not, it was concluded that DNP and potassium have to be acting on two differ-
ent forms of respiratory intermediates. Thus, DNP acts above the oligo-
mycin sensitive site and external potassium acts below it.

Clearly, the intracellular concentrations of ions are important in the
regulation of the metabolic activities of the cell, which in turn affect the
degree of proliferation and maturation of the cell. The electrical potential
difference is a reflection of the distribution of ions across the membrane,
Since the activities of the cell are influenced by these ions, aberrant behavior
such as seen in malignancy, may have its basis in the permeability charac-
teristics of the cell membrane and its resultant potential difference.

The classical view of the distribution of ions across a cell membrane is
based on the study of frog muscle and holds that the ions are distributed
according to the Donnan equilibrium. Boyle and Conway (1941) proposed that
the distribution of potassium and chloride ions was caused by a Donnan equi -
librium which existed across the fiber membrane as a result of the high
concentration of impermeant sodium ions outside the fiber and the large
number of impermeant intracellular organic anions. If potassium and chlo-
ride are distributed passively, the concentration ratios and the potential
difference at rest would be predicted by the Nernst equation, Later it was
found by Adrian (1956) and Hodgkin and Horowicz (1959) that at low concen-
trations of external potassium, the Nernst equation and Donnan relation-
ship could not explain the observed resting potential of frog muscle. They
applied the Goldman equation and showed that at low or physiologic external
concentrations of potassium as well as at higher concentrations, the experi-
mentally measured potential differences fit those predicted by the Goldman
equation.,

The basic assumptions of the Goldman or '"constant field' equation are
the following (Hodgkin and Katz, 1949): (i) that ions in the membrane move
under the influence of diffusion and the electric field in a manner which is
essentially similar to that in free solution; (ii) that the electric field may be



regarded as constant throughout the membrane; (iii) that the concentrations
of ions at the edges of the memhrane are directly proportional to those in
the aqueous solutions bounding th-~ membrane; (iv) and, that the membrane
is homogeneous. From the first assumption, which leads to the equations
for the curvent carried by sodium, potassium or chloride, the Goldman
equation is derived.

In the present investigation the potential difference of the Shay chloro-
leukemic cell was measured and the ions responsible for maintaining the
potential difference, as assessed by the Goldman equation, were determined.
The results are discussed in the light of the relationship of the tumor cell

potential difference to that of normal cells.



MATERIALS and METHODS

I. Maintenance of the Tumor

Intraperitoneal tumors of rats bearing the Shay chloroleukemia were
selected for use in all of the following experiments. Ten days after the
injection of tumor cells into the peritoneal cavity of a rat, a tumor develops
which is approximately S cm long x 2,5 cm wide x 1.5 cm in depth. This
tumor consists of nodules or strands of cells closely layered together and
surrounded by a thin sheet of transparent connective tissue. There are no
major blood vessels in the tissue and no visible necrotic areas,

The Shay chloroleukemia has been maintained in our laboratory by means
of subcutaneous or intraperitoneal transplants of leukemic cells into 40 to
60 gram male rats of the Long-Evans strain. The method of transplanta-
tion is described below. All glassware and surgical equipment are steri-
lized by dry heat (220°C for three hours), and sterile, pyrogen-free saline
is used as the suspending medium for the cells. Approximately 14-day old
tumor tissue is collected from a rat bearing a subcutaneous tumor or 10-day
old tumor tissue is collected from a rat bearing an intraperitoneal tumor,
and placed in a loose-fitting, 30 ml, hand homogenizer containing a ground-
down teflon pestle. Moving the pestle up and down slowly about five times,
without turning it, frees the tumor cells from the surrounding stroma and
places them in suspension. The cell suspension, thus prepared, is filtered
through glass wool and the number of cells per unit volume is assessed using
a Spencer Brite-Line hemocytometer and 1% acetic acid as diluent. Each
rat then receives 20 x 106 tumor cells either intraperitoneally or subcutane -

ously.

II. Examination of the Tumor by Electron Microscopy

Since measurements of the potential difference (PD) across tumor cell
membranes were to be made, it was important to examine the tumor tissue

to see if the cells had intact membranes. Some information about the



nature of the spaces between the cells could also be obtained in these
studies. The procedure for the examination of the tumor tissue by electron
microscopy is outlined below. Table I in the Appendix lists the components
of the solutions and mixtures used. Small pieces of tumor, measuring about
1 mm square, were placed in the fixation mixture and kept in an ice bath
for about one hour. The tissues were then rinsed in saline and post-fixed

in uranyl acetate solution for 30 minutes in an ice bath. After rinsing in
saline, the tissues were dehydrated in a graded series of ethanol-water
solutions (30, 50, 70, 95 and 100% v/v) for about S minutes each. The tis-
sues were then placed in two changes of propylene oxide for 10 minutes each
and infiltration of the tissue was started in a 1:1 mixture of propylene oxide
and complete resin mixture for 1 hour. To complete the embedding process,
the tissues were placed in dry gelatin capsules to which complete resin mix-
ture was previously added and allowed to harden in an oven at 60° for about
two days. Epon-embedded sections were cut in a Sorvall Porter-Blum ultra-
microtome using glass knives and placed on uncoated copper grids. The
sections were stained with a saturated uranyl acetate solution and examined
with an RCA EMU 3-H electron microscope operated at 50 kV with a 45

micron diameter objective aperture,

III. Measurement of the Potential Difference (PD) of Tumor Cells

A unique characteristic of different t&pes of cells is the size and nature
of the electrical PD which exists across the cell membrane. The electrical
PD of Shay chloroleukemic tumor cells was measured in pieces of tissue
from nine different tumors bathed in a normal Ringer solution (prepared as
described in table II of the Appendix). The intracellular microelectrodes
and techniques of electrical recording used for these measurements are des-
cribed below,

Micropipettes are prepared from pyrex tubing using a vertical pipette
puller (David Kopf Instruments, model 700B). These are filled with 3M
KCl by initially allowing the electrolyte to enter the tip by capillary action
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and then back-filling with distilled water. The micropipettes are then
placed in an oven at 55° overnight during which time the space between the
KCl and the water becomes a bubble which is easily removed with a thin
wire. The micropipettes are then back-filled with 3M KClI just prior to
their use as microelectrodes.

In order to measure the PD across a tumor cell membrane, a piece of
turmor measuring about 2 cm long x 1 cm wide x 0.5 cm in depth (or about
0.5 grams) is placed in a chamber constructed by pouring paraffin into the
bottom of a Petri dish and then carving out an area to accomodate the tissue
at one end and the reference electrode at the other end. The depression can
hold about ten ml of the solution in which the PD measurements are made.

The complete set-up is depicted in figure I of the Appendix. The micro-
electrode used to impale a cell is held by a 3M KCl-agar bridge which in turn
is held by micromanipulators (Narishige Co. ) and connected to the input of a
Bioelectric NF1 preamplifier via a chloridized silver wire. This preampli-
fier, is then connected to the input of a Tektronix 503 oscilloscope and a Keith-
ley electrometer (model 610B). A permanent record of the PD is obtained by
feeding the output of the electrometer to a Keithley recorder (model 670).
While a PD is being measured the recorder is run a a speed of 12 inches per
minute and the electrometer is used on the 30 or 10 millivolt scale. The refer-
ence electrode, consisting of a bridge containing Ringer~agar in the end in con-
tact with the bathing medium and 3M KCl-agar in the other end, is connected
to the ground terminal of the Bioelectric preamplifier via a chloridized silver
wire. The tissue-micromanipulator set-up is supported on lead bricks to mini-
mize vibration and kept within a copper mesh Faraday cage to minimize pick-
up. In some experiments this set-up was modified by having the output of
the preamplifier connected to the negative input of a Tektronix storage oscil-
loscope (type 3A3 Differential Amplifier and type 2B67 Time Base) and a
record of the PD measured was made using a Polaroid camera attached to
the screen of the oscilloscope. This was found to be superior to using the

Keithley electrometer and recorder because the recorder has a time lag of
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0. 3 seconds.

The selection of proper microelectrodes for use in measuring a PD is
very important. Typical microelectrodes used for this purpose had tip re-
sistances of about 10 to 30 megohms and tip potentials of about 1 to 3 mil-
livolts. Conveniently, the Bioelectric preamplifier has a circuit which
passes 10-'9 amps of current through the microelectrode. The resulting
deflection on the oscilloscope represents the resistance of the microelec-
trode, and is calibrated such that millivolts equals megohms. In order to
examine the tip potential of a microelectrode, the whole set-up minus the
microelectrode is balanced at zero with the preamplifier while both agar
bridges are immersed in the Ringer solution. Then the microelectrode
is placed in the agar bridge which is connected to the input of the preampli-
fier and is held in place by the firm agar. The potential that exists when
the microelectrode is immersed in the Ringer solution is called the tip
potential.

The criteria used for the successful measurement of a PD are the fol -
lowing: (i) As the microelectrode is moved into the tissue, the potential
changes abruptly from that of the tip potential to a new level. (ii) The new
potential difference remains fairly steady for at least one second, usually
it remains so for 5 to 10 seconds and has been observed to last as long as
1 minute. (iii) As the microelectrode is slowly withdrawn, the potential

rapidly returns to its original value or very close to it.

IV. Determination of the Ion(s) Responsible for the Maintenance of the PD

The equilibrium potential for an ion distributed passively across a memb-

rane is given by the Nernst equation: C
RT o
E = In
zF C i

. where E = the equilibrium potential or the potential inside - the potential
outside (ground), R = 8. 31 volt coulombs/moleoK. T = 296°K (room tem -
perature), F = 96,500 coulombs/mole, z = valence, Co = concentration

of the ion in the external medium, and C ;S concentration of the ion in the
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cells, If the equilibrium potential of an ion is equivalent to the measured
PD, then the PD can be said to depend on the distribution of that ion.

In general, the procedure used to determine the extent to which potas-
sium or chloride ions are responsible for the PD was to measure the PD of
tumor cells bathed in media containing either an increased concentration of
potassium or a decreased concentration of chloride. These media were
prepared by modifying a basic normal Ringer solution (Aull, 1967) as des-
cribed in table II of the Appendix. The data needed are the intra- and extra-
cellular concentrations of ions and the PD under circumstances in which the
tissue had equilibrated with the outside medium. The PD measurements
were made as described above. To calculate the intracellular concentrations
of ions, the extracellular space of the tissue must be known and the concen-
tration of ions in the extracellular space was deducted from the concentra-
tion measured in the whole tissue in order to obtain the intracellular concen-
tration. The extracellular space of the tissue was measured as described
below in section V (A) using SBs-sulfate or 014-inulin. A measure of the
extent of equilibration of the tissue with the external medium was obtained
by adding Na22 or 0136 to the medium and comparing the specific activity
(in cpm /uM) of the tissue to that of the medium at the time when the PD mea-
surements were made. The methods used to extract the ions and labels
from the tissues, to measure the concentrations of ions and count the labels
are described in section VI. All calculations and equations used are given
in section II of the Appendix.

To determine the role of potassium in maintaining the PD of the tumor
cell, the concentration of potassium in the external medium was increased,
and the procedure described below was used. A tumor was removed from
a rat, placed in normal Ringer medium and four pieces were cut from it,
One piece was placed in each of four paraffin chambers containing 10 mi
of either the normal (7 mM K), 20, 80, or 120 mM K Ringer medium each
with added Na22. PD measurements were made using the electrical recor-

ding apparatus described above, in a random sequence. After one hour,
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each piece of tissue was removed and the remaining supernatant medium
was saved for analysis. The tissues were extracted by the ashing proce-
dure. The concentrations of sodium and potassium were measured, and
the Na22 counted in the extracts and supernatant media. This experiment
was performed four times.

In order to determine whether or not the chloride ion distribution across
the tumor cell membrane is important in the maintenance of the PD, four
experiments were performed in which PD measurements were made in pieces
of tumor bathed in media containing sulfate in place of chloride ions. The
experiments was performed as follows: Ten ml of each medium, i.e. the
normal (160 mM Cl), sulfate (7 mM Cl), and high K-sulfate (Cl-free) Ringer,
containing Cl36 was placed in paraffin chambers. A tumor was removed
from a rat and cut into pieces weighing about 0.4 grams wet. One piece
was placed in each chamber and the time was noted. One piece was also
placed in a vial containing Cl4-inulin-normal Ringer medium to determine
the extracellular space of a representative piece of tissue, PD measure-
ments were made as described above. After two hours, the tissues were
removed from their media and extracted by the acetic acid procedure.

The supernatant media were saved for analysis. The chloride concentra-
tions and the Cl36 present in the extracts and supernatants were then mea-

sured,

V. Measurement of the Fluxes of Labeled-Inulin, -Sulfate, -Chloride and

«Sodium in the Tumor

In the experiments described here, the terms influx, uptake and distri-
bution will be used according to the following definitions. Influx refers to
the unidirectional transfer of a substance from the medium into the cells
for a steady-state system. Uptake is defined as the net transfer of a subs-
tance from the medium into the tissue. Distribution refers to the final con-
centrations of a substance in all the compartments of a system after equili-

bration has occurred.
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A, CM-Inulin and SSS-Sulfate Uptake

The uptakes of C14-inulin and S35-sulfate by pieces of tumor were
measured for the following two purposes: (i) in order to determine the
extracellular space (ECS) of the tissue; and (ii) to compare the distribution
of inulin and sulfate and calculate their respective rate constants.

Quantitation of the ECS of a tissue is necessary for the determination
of the intracellular ion concentrations. In order to measure the ECS of a
tissue, a marker is used, such as a radioactively-labeled substance. Ideally
the cells in the tissue should be completely impermeable to this substance
which is then confined to the ECS. The Cl4-inulin molecule and the 835-
sulfate anion were added to normal Ringer solution in trace amounts and the
uptake of these labels was followed using the procedure described below.
A tumor was removed and cut into the desired number of pieces, each weigh-
ing about 0,5 grams. Each piece was then placed in a vial containing 5 ml
of either the CM-inulin-normal Ringer medium or the 835 -sulfate-normal
Ringer medium. The tissue was thus incubated either at room temperature
(230) or in an ice bath (00) for time intervals ranging from 0 to 120 minutes.
After this time, the tissue was removed and the labels were extracted by the
homogenization procedure and counted. This procedure was used for one
kinetic study of the uptake of Sss-sulfate at 23° and two at 0°. One kinetic
study of the uptake of C14 -inulin was done at each temperature. At a later
time, another C14-inulin uptake was performed at room temperature and the
tissues were extracted by the acetic acid procedure instead of homogeniza-
tion. The data from these uptake experiments were used to calculate the
ECS of the tissue using the equation shown in section II of the Appendix.
A kinetic analysis of these data was made and compared to a similar ana-

lysis of 0136 and Na22 uptake data.

B. 1% Uptake
The fluxes as well as the distribution of chloride were determined in
order to assess the contribution of chloride to the PD. To calculate the

fluxes of chloride ions between the medium and the ECS and across the cell
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membrane, a kinetic analysis of the data from three Cl36 uptake experiments
was made as described below.

To examine the uptake of 0136 by tumor cells, the following procedure
was used. A tumor was removed from a rat and cut into pieces weighing
about 0. 4 grams, and each piece was placed in a vial containing 5 ml of
normal Ringer medium containing 0136. The tissue was incubated at room
temperature for one of the following time intervals: zero time (tissue was
quickly dipped, removed and blotted), 5, 15, 30, 60, 90, 120, or 150 min-
utes. At the same time, a piece of tissue cut from the same tumor was placed
in a vial containing 5 ml of Cl4-inulin-normal Ringer medium for 90 or 120
minutes to measure the ECS of the tissue. Then the tissues were removed
from their media and the medium was saved for analysis. The chloride and
inulin were extracted from the tissue by the acetic acid method and the con-
centrations of chloride in the extracts and supernatant media were measured,
The C136 and C14 labels were counted.

C. Na22 Uptake

The possibility existed that sodium ions were also involved in the main-
tenance of the PD. In order to compare the relative fluxes of sodium to
chloride, the data from three uptake experiments were used. These data
were then analyzed and the fluxes calculated as described below.

The procedure used for the Na22 uptake experiments was similar to that
used for 0136. Pieces of tumor weighing 0.4 to 0.5 grams were placed in
vials containing 5 ml of normal Ringer medium to which Na22 was added.
These vials were left at room temperature for one of the following time
intervals: zero, 1, 5, 15, 30, 60, 90, 120, or 150 minutes. At the same
time, a piece of tissue was placed in a vial containing 5 ml of C14-inulin-
normal Ringer medium for 120 minutes to measure the ECS of the tissue.
The tissues were then extracted in acetic acid and the supernatant media
were saved for analysis. The concentrations of sodium were measured and
the labels counted in the extracts and supernatants.

D. Kinetic Analysis of the Uptake Data
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Since the data were not compatible with a simple exchange of chloride
or sodium ions between free cells and the medium, but included an extra-
cellular space between the cells and the external medium, a model of
three compartments was proposed. The kinetics of isotope distribution
among the components of a three compartment system can be solved by ana-
log computation. The model a...- derivation of the analog computer program
are given in section III of the Appendix. Inulin and sulfate uptake data were
analyzed using the same program, in which the ECS consisted of two compart-

ments, and the medium constituted the third compartment,

VI. Quantitative Methods

A. Method of Measuring Tissue Water

For all analyses, wet and dry weights of tissues were measured to de-
termine the amount of tissue water. At the completion of an experiment,
the tissue used was blotted weli on filter paper, placed in a pre-weighed
glass vial or platinum boat, and weighed. The tissue was dried by placing
the vial or boat in an oven maintained at 110° overnight. Then the vial or
boat containing the dried tissue was weighed and used in all subsequent pro-
cedures.

B. Methods of Extracting Ions from Tissues

1. Dry Ashing Technique

For all dry ashing, the platinum boats containing the dried tissues were
placed in a muffle furnace at 550° overnight, The resulting ash was then
dissolved by adding 0. 2 ml of 0. 1N nitric acid to the boat, followed by 5 ml
of distilled water. In order to assess the effect of the dry ashing on the
extraction of ions, recovery experiments were run with known quantities
of sodium or potassium. A sample of sodium standard containing 25 uM
(micromoles) was ashed, diluted to a final volume of 65 ml and then analyzed
in the flame photometer as described below. In one cise, 24,4 uM of sodi-
um were recovered (2. 6% error) and in a duplicate case, 24.5 uM of sodium

were recovered (2% error). Therefore, essentially no loss of sodium ions
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was incurred by the ashing process. In another recovery experiment for
sodium, 0.2 ml aliquots of each of the normal, 20, 80, and 120 mM K
Ringer media containing the same amount of Na22, as used in the experi-
ment described above (IV), were ashed and diluted with 0. 2 ml of 0. 1IN
nitric acid and 5 ml of distilled water. A set of comparable samples which
were not ashed were prepared by adding 0.2 ml of each of the media to 5
ml of distilled water. In order to count the Na22, four ml of each of the
diluted samples were counted as described below. The mean percent error
between the ashed and unashed samples was 2. 5%. Therefore, no Na22 was
lost in the ashing process. A

The ashing technique was also proved satisfactory for re;covering potas -
sium. Ringer solutions were prepared to contain normal (7 mM K), 20, |
80, or 120 mM K as described in table II of the Appendix. Samples of these
solutions were ashed and the mean actual concentrations of potassium mea-
sured four different times were 6.9, 20. 8, 80.7, and 119.2 mM. These
results show that the procedure for extracting and measuring potassium was
satisfactory.

2. Homogenization

One ml of distilled water was added to the vial containing the dried tis-
sue and this was allowed to stand overnight. Then the tissue, which was
now rubber-like and easily held with forceps, was placed in a ground-glass,
motor-driven, 3 ml capacity homogenizer with the 1 ml water extract and
an additional 1 ml of distilled water. The tissue was then homogenized and
the homogenate was poured into a test tube. The glass vial and the homo-
genizer were rinsed with distilled water and the rinse water was added to
the test tube. The final volume of the tissue extract (homogenate) was 5 ml.
To test the efficiency of the homogenization procedure for the extraction of
S3s-sulfate or Cl4inulin, an aliquot of either was added to a piece of tissue
which was then homogenized and the {abel was counted. The label was reco-
vered in both cases (98 to 99%) when compared to an equal aliquot of Label

which was not extracted from a piece of tissue,
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3. Acetic Acid Extraction

Five ml of dilute acetic acid reagent (2 drops of glacial acetic acid added
to 10 ml of distilled water) were added to the vial containing the dried tissue,
The vial was then covered, placed in a boiling water bath for about two
hours and then allowed to stand overnight (adapted from Dunham and Gainer,
1967). The resulting extract was clear and the extracted tissue remained
behind as an intact rubber-like mass. The acetic acid procedure was shown
to be satisfactory for sodium by a recovery experiment in which 0.2 ml of
normal Ringer medium containing Na22, alone or with a piece of tissue was
extracted. It was found that 99, 8% of the N::l22 was recovered from the tissue
when compared to the extracted control which contained acid but no tissue.
About 4 % error was found when this control was compared to a 0.2 ml ali-
quot of the medium comparably diluted but with only distilled water. Since
there were slightly more cpm/ml in the extracted control than in the distilled
water control, there was no quenching by the acid.

Tissues containing labeled-inulin were extracted by the acetic acid pro-
cedure in some experiments. In a recovery experiment for C14 extracted
by this procedure, a known amount of label was added to a piece of tissue
which was then extracted and 959 of the label was recovered.

The recovery of chloride by the acetic acid extraction procedure was
tested by the following experiment. Two pieces of tissue were soaked in
sulfate Ringer medium for 90 to 120 minutes during which time the cells
lost chioride to the bathing medium and attained a base concentration of
chloride which was low. The tissues were removed and dried and 1 ml of
20 uM/ml KCI standard was added to one tissue while 1 ml of distilled water
was added to the other tissue (control). The chloride in each tissue was
extracted with acetic acid. In one such experiment 95% of the 20 uM of
chloride was recovered while 90% were recovered in a duplicate experi-
ment. Part of the 5 to 10% error was due to a method which assumes that
the tissue to which the 20 uM of chloride were added had the same concen-
tration of chloride to begin with as the control tissue. Therefore, the acetic
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acid extraction was considered satisfactory for chloride. In another experi-
ment, a known amount of Cl36 was added to a piece of tissue which was then
extracted with acetic acid. It was found that 989, of the C136 was recovered.

Much difficulty was encountered when attempts were made to extract
chloride by ashing or homogenization techniques, The ashing technique was
unsatisfactory because considerable quantities of chloride (10 to 70%) were
lost in this process. The homogenization technique could not be used be-
cause the protein left in the homogenate interfered with the analysis of chlo-
ride with the chloride titrator. When attempts were made to remove the
protein with perchloric acid, there was poor recovery of chloride ions.

C. Chemical Analyses

1. Sodium

The sodium concentration in the extract resulting from dry ashing or
acetic acid extraction was measured using a Baird-Atomic flame photometer
with an internal lithium standard. One ml of the extract was removed and
brought to 10 ml with 2 ml of 1250 ppm lithium nitrate and water. This di-
lution gave a final concentration of 250 ppm lithium nitrate and a concentra-
tion of sodium sufficient to be measured within the linear part of the stan-
dard curve for sodium (0 to 1 mEq/liter).

2. Potassium

Potassium was analyzed in extracts prepared by the ashing technique.
One ml of the extract was brought to 25 ml with 5 ml of 250 ppm lithium
nitrate and distilled water. This dilution yielded a final concentration of
50 ppm Lithium nitrate and a concentration of potassium sufficient to be
measured in the linear range of the standard curve for potassium (0 to 1
mEq/liter. In using the flame photometer for both sodium and potassium
measurements, the concentration of ion in the unknown sample was deter-
mined by measuring it between the next higher and next lower concentration
of standard and calculating the concentration of ion in the unknown by inter-
polation. The dilutions used for measurements of sodium and potassium

concentrations in samples of the Ringer solutions used are given in table III
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of the Appendix.
3. Chloride
The concentration of chloride in the tissue extracts was measured
with a Buchler-Cotlove chloridometer. Two ml of extract was removed and
brought to 10 ml. Then, 0.5 ml of this dilution was added to 4 ml of chlo-
ride reagent (prepared by mixing 900 ml of water, 100 ml of glacial acetic
acid and 6. 4 ml of concentrated nitric acid) along with two drops of gelatin
reagent (prepared by dissolving 6. 2 grams of a dry mixture in one liter of
hot water. This dry mixture, which was supplied with the instrument, con-
sists of gelatin, thymol blue and thymol in a weight ratio of 60:1:1. The
time it takes for the chloride in the sample to be titrated with silver ions
is measured by the chloridometer, and this time is proportional to the con-
centration. The concentration in the sample is then determined from a
previously prepared standard curve. In order to measure the concentration
of chloride in the Ringer solutions it was necessary to dilute them 250 times.
D. Methods of Extracting Radioisotopes from Tissues
Radioactive sodium was extracted from tissues in the same manner as
non-labeled sodium, either by ashing or by treatment with acetic acid. The
acetic acid procedure was also used to remove 0136 from the tissues.
Sss-sulfate was extracted from tissues by the homogenization procedure
while CM-inulin was extracted either by homogenization or acetic acid .
E. Methods of Counting Radioisotopes
1. Radioactive Sodium
To count the Na22 in tssue extracts, four ml of the extract was placed
in a lusteroid test tube and counted in a well -type scintillation counter. To
count the Na22 in supernatant Ringer solutions, a sample was diluted 25
times and four ml of this dilution was counted.
2. Radioactive Chloride, Sulfate and Inulin
Extracts and Ringer solutions containing Cl36, S35-sulfate or CM- inu-
lin were counted by taking 0.2 ml and adding it to 10 ml of scintillation fluor
and counting in a Packard liquid scintillation counter. The scintillation
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fluor was prepared by adding the following compounds to 3 liters of
p-dioxane (spectroquality) and stirring for at least three hours: 180 g
naphthalene, 36 g 2, 5-diphenyloxazole, 1.8 g 1,4-bis-2-(4-methyl-5-
phenyloxazolyl)-benzene, and 600 ml 2-ethoxyethanol.
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RESULTS

I. Examination of the Tumor by Electron Microscopy

Figure 1 is an electron micrograph of a section of tumor. The Shay
chloroleukemic cells have some features typical of immature blast cells.
These features include a large nucleus comprising about 75% of the cell.
Usually a single nucleolus is seen and accumulations of chromatin material
surround the inner periphery of the nuclear membrane. This membrane
is interrupted by many nuclear pores. The cytoplasm holds many free
ribosomes and some particles having a dense core and a limiting memb-
rane. These particles resemble C-type viruses. The cells are tightly
packed with very narrow channels between closely apposed membranes and

small lacunae comprising other areas between the cells.

II. Measurement of the Potential Difference (PD) of Tumor Cells

Measurements of the PD were made in nine separate experiments on
nine different tumors bathed in normal Ringer solution. The distribution
of the PD measurements is shown in the histogram in figure 2, Values for
the PD ranged from -4 to -22 mV and the mean PD for 143 measurements

was -9.4 + 0.3 (SE) mV.

III. Determination of the Ions Responsible for the PD

A. The Effects of Increased External Potassium on the PD

The effects of increased external potassium on the PD were examined
in four experiments in which the PD of cells in tissues bathed in normal
(7 mM K), 20, 80, or 120 mM K Ringer medium was measured using the
procedure previously described. Concentrations of sodium and potassium
inside and outside the cells were determined and the value of 0.10 ml "inu-
(in or sulfate water" per g wet wt of tissue was used to calculate the ECS.
The extent of equilibration of the tissue with the medium during the experi-
ment was determined from the distribution of Na22 in the tissue and in the
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medium.

The histograms in figure 3 show how the PD recordings were distributed,
and typical recordings of PD measurements are shown in figures 4, 5, 6 and
7. In the normal Ringer medium there was a peak number of PD recordings
between -6 and -8 mV; the mean PD was -9.2 mV (see table 1), In the 20
mM K Ringer medium the greatest number of PD recordings were between
-6 and -8 mV and the mean PD was -8.2 mV. Measurements between -4
and -6 mV in the presence of 80 mM K were most often obtained and the
mean PD in this case was -6.7 mV. However, with even higher concentra-
tion of potassium in the medium (120 mM), the mean PD was -7.3 mV and
the greatest number of recordings were obtained in the range of -6 to -8 mV.
This represents no change in the distribution of the PD in cells bathed in
media containing high concentrations of potassium.

The data in table 1 show that in such media, the cells lose sodium as
the external sodium concentration is lowered. The concentration of sodium
in the cells bathed in the 120 mM K Ringer medium was only 26.2 mEq/
liter cell water as opposed to the value of 48. 8 for cells in the normal Rin-
ger medium. The difference between these values is significant with P&
0.01. The statistics used are described in section I of the Appendix. There-
fore, the cells are losing sodium to the medium when the concentration of

.external sodium is decreased from 165. 8 to 75. 3 mEq/liter. In the case

of potassium, the cells bathed in the 120 mM K Ringer medium had 137.7
mEgq/liter cell water while the value for those cells in normal Ringer medi-
um was 121, 6, Although the difference between these two values may not
be significant (P€0. 20), some potassium may be entering the cells along its
electrochemical gradient when the potassium ion concentration in the exter-
nal medium is raised. The percent cell water given for the tissues in each
medium is about 78%. For each Ringer medium, at least 80% of the cells
whose sodium and potassium ion concentrations and PD were measured had
equilibrated with the outside medium.

If potassium were the ion responsible for maintaining the PD across the
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tumor cell membrane then the measured PD would be equivalent to the
Nernst equilibrium potential for potassium calculated as follows:
E_ = RT In KO
K zF Ki

where R - 8.31 volt coulombs/moleoK. T = 296°K, F = 96,500 coulombs/
mole, z = +l, Ko = 7.0 mEq/liter (from table 1), and Ki = 121.6 mEq/
liter (from table 1). The equilibrium potential (EK) is -72. 8 mV. Since
the measured PD is only -9. 2 mV in normal Ringer medium, the potassium
ion could not be principally responsible for the PD.

B. Effects of Decreased External Chloride on the PD

The PD of tumor cells bathed in media contdining sulfate in place of chlo-
ride ions was measured in order to examine the role of chloride, if any, in
the maintenance of the PD. Four experiments were performed in which
pieces of tumor were allowed to equilibrate in normal, sulfate, or high K-
sulfate Ringer medium containing 0136 and the PD of the cells was measured.
Concentrations of chloride were determined and the ECS was measured with
inulin in each tumor used.

As seen in table 2, after two hours in the sulfate or high K~sulfate Rin-
ger medium, fhe tumor cells lost chloride to the external medium and reached
a concentration of 20.5 and 19. 3 mEq/liter cell water, respectively. A
student "'t" test showed that the intracellular chloride concentration (71.1
mEgq/liter cell water) of cells in normal Ringer medium differed significantly
from those concentrations in either of the sulfate media (P<0. 0005).

The histograms in figure 8 show that in some cells in the sulfate media,
small positive PD recordings were made but most cells showed no measur-
able PD. Typical PD recordings are seen in figures 9 and 10. The difference
between the mean PD for cells in the normal Ringer medium (-7. 4 mV, from
table 2) and that of cells in sulfate Ringer medium (#0.7 mV) or in the high
K-sulfate Ringer medium (+0.2 mV) was significant (P<0. 0005).

Since the cells were depolarized or even showed a reversal of PD, the
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distibution of chloride ions across the tumor cell membrane was considered
to be of significance. However, when the Nernst equilibrium potentials for
chloride were calculated for the intra- and extracellular concentrations of
chloride in each medium, they were found to differ significantly from the
corresponding mean measured PD, with P<0. 0025 for the cells in normal
Ringer medium, P€O0. 005 for the cells in the sulfate Ringer medium, and Pg
0. 0005 for the cells in the high K-sulfate Ringer medium. This means that
some other ion, perhaps sodium, is also important in the maintenance of the
PD across the membrane of the tumor cells.

The data in table 2 also show the extent of equilibration of each tissue
with its medium. The mean equilibration of tissues bathed in the normal
Ringer medium was 96. 9%, while only 42. 2 and 44. 1% equilibration was at-
tained in the sulfate and high K-sulfate media in the 120 minutes allotted
for equilibration. Although isotopic equilibration was incomplete at low ex-
ternal chloride concentrations, for reasons to be discussed later, measure-
ments of the PD were made within 10 to 15 minutes after the end of the equili-
bration period and the chloride measurements made for the cells at this
time were used in the Nernst equation. Therefore, the intracellular con-
centrations measured represent a reasonable estimate of the values associa-

ted with the PD.

IV. Uptakes of Labeled-Inulin, -Sulfate, -Chloride and -Sodium
A, C14-Inulin and SSS-Sulfate

The extracellular space (ECS) of the tumor was measured from an exa-
mination of the distribution of CM-inulin and Sss-sulfate. In these experi-
ments, ECS is defined as the volume of fluid, in ml, occupied by inulin or
sulfate and has the dimensions of m! "inulin or sulfate water'" per g wet wt

of tissue. The results of the uptakes of Cl4 -inulin at room temperature and
at 0° were very similar (figure 11) indicating that the distribution of inulin
in pieces of tissue is independent of temperature. At both temperatures

equilibration was reached in 60 minutes and the maximum value for the ECS
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ranged from 0. 089 to 0. [16 m! "inulin water" per g wet wt (table 3).

Figures 13, 14 and 15 show the curves for the uptake of S35-sulfate by
the tissues equilibrated either at 0° or 23°, The distribution of sulfate was
found to depend on temperature. At 230, (figure 15), the sulfate space
reached a maximum value of 0. 39 ml "sulfate water" per g wet wt at 60
minutes. Since this value is almost four times the value of "inulin water"
it probably includes a sizeable fraction of the intracellular water and indi-
cates that sulfate can enter the cells. This observation is supported further
by the finding that temperature influences the size of the sulfate space.

The two other graphs (figures 13 and 14) represent data from experiments
performed at 0°. Maximal values comparable to those obtained with inulin
were reached. Since sulfate could penetrate the cells at room temperature,
it was not used to measure the ECS. The inulin marker was used in all
experiments in which the ECS of the tissue was determined.

B. 0136 Uptake Studies

The relative specific activity (s. a.) defined as the ratio of the s.a. of
the tissue to that of the medium, vs. time for the mean of three experiments
was graphed in figure 16. About 90% equilibration was reached in 90 min-
utes and a final value of 93% equilibration was reached by 150 minutes. The
value for the relative s.a. at time zero was 0. 085 instead of zero and pro-
bably represents an uptake during a time interval of about 30 seconds. This
interval was the time it took to dip the tissue in the medium and blot off the
excess medium from the surface.

As seen in table 4, except for the value at time zero, the intracellular
concentration of chloride remained fairly constant. The extracellular chlo-
ride concentration also remained constant at about 154 mEq/liter., The
percent cell water was about 79% (v/w) for all the tissues.

C. Na22 Uptake Studies

In figure 17, the mean relative s, a. of the tissue vs, time for three

uptake experiments was plotted. The kinetic analysis was done for each

individual uptake; this curve serves only to provide a general view of sodium



27

uptake. The points level off at 60 minutes with a value for equilibration of
about 86% and reach 91% equilibration in 150 minutes. In these experiments,
as seen in table 5, the intracellular sodium concentration rose from 43. 6
mEgq/liter cell water at time zero to 76. 3 mEq/liter cell water at 120 min-
‘utes (P€0. 05). The extracellular sodium concentration remained fairly
constant at about 162 mEq/liter. The percent cell water was about 78. 5%
for all the tissues,

D. Kinetic Analysis of the 0136 and Na22 Uptake Data

Tracers permit the measurement of unidirectional fluxes. In this case
the data for the uptake of 0136 and Na22 were analyzed and all fluxes were
calculated from the equation: flux = (rate constant) (compartment size),
where the rate constant is in dimensions of minutes-l, compartment size
is in cpm/uM, and the flux is then cpm/uM(minute)., Figures 16, 18, 19
and 20 show the curves drawn through the experimental points using the ana-
log computer program described in section III of the Appendix. The com-
partment sizes were calculated from the concentrations measured in the
tissue extracts and media according to the following equations:

= (uM/ml medium) (5 ml medium)

P medium
q: uM.ECS =z (uM/ml medium) (ml inulin water)

r uMICS = (uM/ml extract) (ml dilution) - uM

ECS °
The rate constants, which were obtained as described in the program, and

the fluxes are listed in tables 6 and 7. The flux for chloride between the
medium and the ECS compartments was 8.2 uM Cl/minute. The flux for
chloride between the ECS and ICS, i.e. across the cell membrane, was

0. 33 uM Cl/minute. In the case of sodium, the flux between the medium and
the ECS was 3. 3-5.7 uM Na/minute, while the flux between the ECS and ICS
was 0. 4-0. 8 uM Na/minute,
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DISCUSSION

I. Compartmentation of the Shay Chloroleukemic Tumor

A kinetic analysis was made of the data from the uptake experiments
for C14-inulin and 835 -sulfate by pieces of tumor. Uptakes were plotted
as ml C14~inulin or Sss-sulfate water per g wet wt of tissue vs, time as
shown in figures 10 - 20. The experimental points were fitted using the
analog computer program described in section III of the Appendix. The
model proposed for this system, shown in figure 23, consists of the follow-
ing three compartments: (1) the medium, p; (2) the fast exchanging com -
ponent of the extracellular space (ECS), q; and (3) the slow exchanging
component of the ECS, r. In the case of Sss-sulfate uptake at room tem-
perature (230), the fast exchanging compartment, q, was considered the
ECS and the slow exchanging compartment, r, was considered the intracef -
lular space (ICS).

In order to fit the points for S35-sulfate uptake at 230, shown in figure
15, some estimate of the value for the final equilibration was needed. It
was not known if the curve would level off at the last point (0. 39 ml sulfate
water/g tissue) or continue to rise. An estimate of the relative intracellu-
lar sulfate can be made based on the assumption that the Sss-sulfate remains
in anionic form when intracellular, in the time of the experiment, and does
not become incorporated into something else, e.g. sulfur-containing amino
acids. It has been observed that about 20 to 30% of the 835 label is lost in
a protein-free acetic acid extract when compared to a tissue homogenate
containing protein. A value for the sulfate anion distribution can be obtained
from the Nernst equation by solving for (SO 4)o/(SO 4)1' If the PD is -21 mV
(Nernst equilibrium potential for chloride, table 2), then the ratio of extra-
to intracellular sulfate is 5.1. The ratio of intra- to extracellular sulfate
is then 1/5.1 or 0.20. If the medium has 1 unit sulfate/ml water and the
ECS consists of 0.14 ml inulin water/g wet wt, then the ECS, when equilib-
rated with this medium, has 0. 14 units sulfate/g wet wt. It has been observed
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that the tumor contains about 0. 80 ml water /g wet wt, If the ratio of the
intra- to extracellular sulfate is 0. 20, then the cells would have (0. 20)
(0.80 - 0.14, or 0. 66 ml intracellular water)1 unit sulfate/ml water), or
0. 13 units sulfate, Therefore, after equilibration, the tissue would have
0.14 plus 0.13 or 0. 27 units of sulfate. However, the observed value is
already greater than this (0. 39 ml sulfate water/g tissue). The ratio of
intra- to extracellular sulfate calculated in the same manner as above for
a PD of -7.4 mV (the observed PD, table 2) is 0.57. In this case, the cells
would have 0. 14 plus 0. 38 or 0. 52 units of sulfate. This appeared to be a
reasonable estimate of the ml sulfate water/g tissue after equilibration at
230, and the points were fitted by assuming equilibration at this level.

The value of B, or time, was set equal to 1 second of computer time
which was equal to 1 minute of real time. Therefore, as described in sec-
k 37 and k

21° 72 32
the potentiometer settings P2, P3, and P4, respectively, and k

tion III of the Appendix, the rate constants k are equal to

12 is equal
to P1(q +r)/p. Amplifiers 2 and 4 represent the proportions of compart-
ments q and r. The values for each of these rate constants are listed in

table 8. In order to calculate the rate constant, k_,, the ratio of (q +r)/p

12°
was gotten from the following equation as shown for the C™ 'inulin data;

(g+r) _ (0.145 ml inulin water/g wet wt)g wet wt)uM inulin/ml medium)
P (uM inulin/m!l medium)5 ml medium)

= 0.029,
As seen in table 8, if the data for the inulin uptake at 0° and 23° and the

sulfate uptake at 00 are examined together, the values for each rate constant
are in the same range with k12 = 0.003 to 0.012, l<21 = 0.167 to 0. 620,

k23 = 0.020 to 0. 060, and k32 = 0.021 to 0,060 minutes-l. The rate con-
stant lc1 2 for sulfate uptake at 23° (0. 008 minutes -1) is in the same range

as those calculated for sulfate uptake at 0°(0. 003 and 0. 012 minutes 1) imp-
lying that the transport of sulfate from the medium into the ECS is not tem-
perature dependent. In the model for sulfate uptake at 230, compartment

q or 2 is considered the ECS and compartment r or 3 is considered the ICS.

In this case, the rate constants k,, and k,, (0. 025 and 0. 021 minutes-l)

23
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are somewhat smaller than those for sulfate at 0° (0. 060).

Figure 23 is a schematic representation of the model proposed for the
compartmentation of the Shay chloroleukemic tumor. The similarities
between the rate constants for compartments 1 (medium) and 2, kl 2 and
k21 for sulfate and inulin implies that the nature of the transport process
into the first compartment of the ECS does not distinguish between an anion
like sulfate and a much larger polysaccharide molecule like inulin. How-
ever, the rate constants k23 and k32 for sulfate are almost twice as large
as those for inulin,

To measure the ECS of a tissue, large molecules which do not penetrate
the cell membrane are preferred. Inulin has been found satisfactory for
this purpose. The characteristics which justify the preference of saccha-
rides rather than ions as extracellular markers are the following (Law
and Phelps, 1960) (i) Saccharides are electrically neutral, and cannot thus
yield spurious results due to the possible inequality of distribution across
vascular and interstitial spaces. (ii) They have relatively high molecular
weights, and thus exert far less osmotic pressure at a given concentration.
(iii) It appears that inulin cannot penetrate cell membranes, thus any extra-
cellular values obtained should not be in excess of the true value.

Studies on the distribution of inulin in pieces of Shay chloroleukemic
tumors indicate that there is an ECS which constitutes about 14% (ml inu-
lin water/g wet wt) of the tissue, Extracellular spaces of some other tis-
sues, as measured with inulin, are greater than this value, Pittman and
Debons (1966) found that slices of rabbit thyroid have an ECS of about 249,.
A similar ECS (23%) has been found for intact rabbit bone marrow (Michel -
sen, 1969). An inulin space of 30 to 35% was found in guinea pig intestinal
smooth muscle (Goodford and L.each, 1964). Therefore, the ECS of the
Shay chloroleukemic tumor appears to constitute a relatively small propor-
tion of the tissue. Examination of the tumor by electron microscopy (figure
1) shows that the tumor cells are very tightly packed, with narrow channels

between closely apposed cell membranes and small "lacunae'" constituting
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the larger areas between cells. Since the kinetics of C14-inulin uptake
indicate that the ECS consists of two compartments, it may well be that the
first, fast-exchanging compartment consists of the lacunae and the second,
slow -exchanging compartment consists of the narrow channels between the
cell membranes.

The results of the kinetic analysis of the Cl36 and Na22 uptake data are
consistent with the model for a tissue with two major compartments, con-
sisting of the ICS and the ECS. From the kinetic analysis the following
information was obtained; (i) the relative size of the ICS and ECS, as
percent of the total tissue; (ii) the size of these two compartments, as well
as the medium compartment, in terms of micromoles of chloride or sodium;
(iii) the rate constants and fluxes for the transport of chloride and sodium
across the boundary of each compartment. Based on the data obtained from
this analysis, the following models for the compartmentation of the Shay
chloroleukemic tumor for chloride and sodium were proposed, where com-
partments; 1 = medium, 2 = fast exchanging compartment or ECS, and
3 = slow exchanging compartment or ICS. These are represented schema-
tically in figures 21 and 22,

As can be seen from these models, the so-called ECS for chloride (44. 2
%) is larger than that for sodium (32. 3 to 37. 4%) with a ratio of chloride to
sodium ECS from 1,4 to 1.2. This indicates that perhaps more of this com-
partment is accessible to chloride than to sodium which may be related to
the difference in charge and size of these ions. The chloride anion has a
hydrated radius of 1.93 £ while the hydrated sodium cation radius is slight~
ly larger (2.56 X) (Solomon, 1960). Since the cells are permeable to chlor-
ide and sodium ions, this measure of the ECS is probably in excess of the
true value for this tissue,

From the values for the compartment sizes and rate constants, the fluxes
of chloride and sodium into and out of the compartments of the tissue and
external medium can be calculated, As seen in tables 6 and 7, the fluxes

for chloride and sodium between the medium and the ECS differ considerably.



32

A flux of 8, 2 uM Cl/minute was calculated for chloride while 3. 3, 3.9 and
5.7 uM Na/minute were calculated for the three sodium uptake experiments.
This indicates that chloride anions more readily exchange between the medi-
um and the ECS. The flux of chloride ions across the cell membrane, how-
ever, was lower (0. 3 uM/minute) than that for sodium (0. 4 to 0. 8 uM/min-
ute). In the case of each ion, the flux between the ECS and the medium was
much greater than the flux between the ECS and the ICS indicating that a
more effective barrier (the cell membrane) exists between the ICS and the
ECS.

Since the tissue compartment. sizes for sulfate and inulin are unknown,
the fluxes between the compartments could not be calculated. However,
the rate constants for exchange between the tissue compartments and the
medium can be compared to those for chloride and sodium. For chloride,
k,, 18 0.011 minutes " and for sodium, k,, is 0.005, 0.007 and 0. 004 min-
utes.1 for experiments I, II and HOI respectively. The corresponding values
for inulin are 0. 003 and 0. 004 minutes-l, and 0. 003, 0.012, and 0. 008 for
sulfate. Therefore, on the basis. of the rate constants alone, chloride would
appear to enter the tissue extracellular spaces most readily, followed by
sulfate, sodium and lastly inulin. In the case of each substance studied,
the value of k. is about 100 times greater than that of k

21 12°

for k21 are the following (in rninutes-l): 1. 000 for chloride; 0. 460, 0.420

and 0. 372 for sodium; 0. 184 and 0. 353 for inulin; 0. 220 and 0. 620 for sul -

fate at 00, and 0. 167 for sulfate at 230. Since the rate constant refers to

These values

the fraction of material in the compartment from which the substance ex-
changes per unit time, a small compartment has fewer molecules available
for exchange than a larger compartment. In the case of each substance,
the medium compartment is much greater than the ECS compartment and

the rate constant, k_,, for transport from the medium into the ECS is about

12
100 times smaller than that from the ECS to the medium. In the steady-
state, with no net flux, a much smaller rate constant would be expected for

movement from the large compartment into the smaller compartment. On
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the other hand, a much faster rate constant would be expected for movement
from the ECS into the larger external medium compartment. The rate cons-
tants for transport across the cell membrane, k23 and k32, are 0, 040 and
0. 031 minutes -1 for chloride. These values are very similar to those cal-
culated for sulfate anions at 230, 0. 025 and 0. 021 minutes -l. If the ECS
and ICS compartment sizes for chloride are similar to those for sulfate

then the characteristics of the membrane with respect to chloride and sul -
fate transport would be very similar. In the case of sodium, slightly higher
values were obtained for k23 in two of the three experiments (0. 090, 0. 030
and 0. 091 minutes © but the corresponding values for k,, (0. 036, 0.027 and
0. 050 minutes -l)are similar to those for chloride and sulfate anions.

As determined for the red blood cell, small anions such as chloride
penetrate about 106 times faster than cations of comparable size. Itis
assumed that the capacity of the red blood cell to discriminate sharply bet-
ween anions and cations is mainly due to the presence of fixed positive char-
ges inside the membrane (Passow and Schnell, 1969). These charges pre-
vent the passage of cations without blocking the movement of anions. As
discussed above, the rate constants for sodium are not very different from
those of chloride or sulfate, and the flux of sodium ions across the cell mem-
brane is greater than that of chloride. Therefore, the presence of fixed

positive charges as proposed for the red blood cell membrane does not seem

to be likely for the membrane of the Shay chloroleukemic cell.

II. The Concentrations of Ions in the Shay Chloroleukemic Cell

The Shay chloroleukemic cell has a high intracellular potassium concen-
tration relative to that of sodium. In normal Ringer medium this cell con-
tains about 120 mEq K/liter cell water, and 48 mEq Na/liter cell water
(table 1). The intracellular chloride concentration of cells bathed in nor-
mal Ringer medium is about 72 mEq Cl/liter cell water (table 2). The re-
sults of all experiments indicate that the percent cell water (v/w) is about

789,



34

The concentrations of sodium and potassium in the Shay chloroleukemic
cell conform to those reported for other leukocytes. Studies on rabbit poly-
morphonuclear {eukocytes collected by peritoneal {avage showed that these
cells have a potassium concentration of about 105 mEq/liter water, 68 to
80 mEq Na/liter water, and 79% cell water (Wilson and Manery, 1949;
Hempling, 1954). Baron and Roberts (1963) found concentrations of about
60 mEq Na/liter cell water and 100 mEq K/liter cell water with 80. 2% cell
weight as water in normal human leukocytes. These values for sodium and
potassium concentrations in leukocytes are similar to those reported for
other types of cells. The following values (in mEq/liter cell water) were
found by Morrill et al. (1964): 71 Na and 108 K for mouse pancreas cells;

69 Na and 108 K for frog oocytes; 31 Na and 138 K for HeLa cells; and 25 Na
and 137 K for mouse ascites tumor cells. Therefore, in many mammalian
cell types, including the Shay chloroleukemic cell high potassium and low
sodium concentrations are found.

An investigation of ion concentrations in human normal and leukemic
leukocytes was made by Lichtman and Weed (1969). These workers found
that potassium and sodium concentrations were the same for human normal
and chronic [ymphocytic leukemic cells (or small lymphocytes); 120 - 124
mM potassium and 33 - 34 mM sodium/kg water. The percent of weight as
water was 79 in both cell types., Leukemic myeloblasts, chronic granulocytic
leukemic cells, normal bone marrow cells and normal polymorphonuclear
leukocytes had similar potassium concentrations of 112 - 118 mM/kg water.
In this same group, leukemic myeloblasts had the highest sodium concentra-
tion (40 mM/kg water) and normal polymorphonuclear leukocytes had the
lowest sodium concentration (30 mM/kg water). Therefore, there were
essentially no differences in sodium and potassium concentrations between
normal and leukemic leukocytes. However, the leukemic myeloblast had a
slightly higher proportion of cell water (81%) than did the polymorphonuclear
leukocytes (76%).
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III. The Size and Nature of the Potential Difference Across the Membrane

of the Shay Chloroleukemic Tumor

With respect to this investigation, certain problems in the measurement
of the membrane potential should be pointed out. One characteristic of the
cell which poses a problem is the large nucleus which occupies about 75% of
the cell. When a microelectrode penetrates a cell it is likely to be in the
nucleus perhaps more often than in the cytoplasm. However, if there were a
PD between the nucleus and the external medium which differed from that
between the cytoplasm and the external medium, the distribution of the PD
measurements would be expected to fall into two distinct populations. This,
however, is not observed (figure 2), Therefore, the membrane potential
referred to in this study should be considered that PD which exists across
the cell membrane; with present techniques, no distinction can be made as to
whether or not it is between the external medium and the cytoplasm or the
external medium and the nucleoplasm.

In all PD measurements careful selection of microelectrodes was made.
Only those with tip potentials no larger than -3 mV were used. As defined
in this study, the tip potential is the junction potential which exists at the tip
of the microelectrode when it is immersed in a Ringer solution in which ordi-
narily, NaCl is in higher concentration than KCI. It is not known how this
potential changes when the tip of the microelectrode penetrates a cell, where
potassium is the dominant ion. When the microelectrode is withdrawn from
the cell the PD returns to a level close to that of the base line. However,
occasionally a change in the tip potential occurred. This is illustrated in the
recording shown in figure 7. This recording begins while the microelectrode
is already in the tissue but at the same starting level (tip potential) as it was
in the Ringer solution, -2 mV. When the microelectrode was advanced, a
PD of -6.5 mV was recorded from a cell. Then the microelectrode was with-
drawn from the cell and the PD returned to a new level of about -3,5 mV ins-
tead of the original -2 mV. When such a change in tip potential occurred, the
microelectrode was no longer used. This change may be due to clogging of the



36

tip with other ions or intracellular substances replacing the pure 3M KCI.
The results of the PD measurements on the Shay chloroleukemic tumor
cell in external media containing increased concentrations of potassium indi-
cate that the PD is relatively unaffected by the potassium ion distribution. In
these experiments, it was found that at least 80% of the tissue sodium had
exchanged with radioactive sodium in the medium in one hour. By equating
exchangeability with equilibration it can be said that at least 80% of the tis-
sue had equilibrated with the medium. This measure of equilibration was
important because it serves as a reflection of the proportion of the tissue
which was exposed to the outside medium. Since whole pieces of tumor were
used it could not be tacitly assumed that the inner cells were equilibrated
with the outside medium to the same extent as the peripheral cells.
Measurements of the PD of the Shay chloroleukemic cells bathed in media
containing sulfate in place of chloride showed that the membrane depolarized
to zero and reversed its sign when external chloride was decreased. There-
fore, chloride was believed to play a major role in the maintenance of the
PD. In these experiments, the control tissue, bathed in normal Ringer medi-
um reached complete equilibration with radioactive chloride in the medium
in the allotted two hours. However, the tissues bathed in the sulfate and high
K -sulfate Ringer media reached only 40 to 44% equilibration. The following
are some possible explanations for this observation. The first assumes
that equilibration was really complete and a curve for the equilibration of
tissues in the sulfate media with time would have shown a plateau betweeen
42 and 44%. This would indicate that approximately 56% of the chloride was
non-exchangeable. This explanation implies that a reduction in external
chloride or an increase in external sulfate alters the binding properties of
the tissue, since at normal external chloride concentration, exchange is
complete, but at low chloride concentrations, exchange is only about
50% complete. Non-exchangeable fractions of chloride have been found in
other cells. Only about 70% of cell chloride was found to be exchangeable in
Ehrlich ascites tumor cells (Aull, 1967). In the lobster walking leg muscle
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about 30 of the 85 mM Cl/kg cells is nonexchangeable (Dunham and Gainer,
1968). The other possibility for the observed 42 to 44% equilibration in low
chloride media assumes that equilibration was not complete and the kinetics
of an uptake for Cl36 in these media would indicate a reduction in the flux

and in the rate constant for exchange of chloride. The cells bathed in the

low chloride media lost about 70% of their intracellular chloride. The follow-
ing possibilities exist for a decreased rate constant for exchange resulting
from decreased intracellular chloride: (i) The flux of chloride has a com-
ponent of exchange diffusion in which the exit of chloride and consequently

its exchangeability depends on its access to a carrier on the inner membrane,
and external chloride is needed to transport the carrier to the inner memb-
rane. (ii) Sulfate anions reduce the mobility of the returning carrier and its
accessibility to internal chloride. In other words, sulfate reduces the con-
ductance of chloride and conductance is directly related to the rate constant
for exchange. In line with this explanation, a relationship between chloride
and sulfate concentrations and fluxes has been examined in red blood cells.
Passow (1969) found that the flux of sulfate increased when external chloride
was reduced.

The kinetic analysis of the uptake data for Cl36 and Na22 was performed
in order to find the rate constants for exchange and calculate the fluxes.
This analysis is based on the assumption that the cells are in the steady-
state and there are no net fluxes. As seen in table 4, the intracellular con-
centration of chloride for the tissues used in the C136 uptake experiments
did not increase or decrease during the course of the experiment, i.e. no
net change occurred. This implies that the cells were in the steady-state.
However, in the case of the Na22 uptake experiments (table 5), the intra-
cellular sodium concentration increased with time. The difference between
the highest intracellular sodium (76. 3 mEq/liter cell water at 120 minutes)
and the lowest intracellular sodium (43. 6 mEq/liter cell water at time zero)
is 32.7 mEq/liter cell water. This difference, divided by two hours, gives
the value of 16. 4 mEq Na/liter cell water/hour for the net influx of sodium.
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If a similar calculation is made for the total exchange flux based on the ki -
netic analysis of the uptake data, it is found that about 115. 5 mEq Na/liter
cell water/hour exchanges. Therefore, the net influx of sodium constitutes
only about 14% of the total exchange flux for sodium. This calculation is as
follows: (0.77 uM Na/minute)60 minutes/hour)X0. 4 m! cell water-l) =
115.5 uM Na/ml /hour or 115.5 mEq Na/liter cell water/hour, where the
flux of sodium across the membrane is 0.77 uM/minute and the cell water
content is 0.4 ml. Therefore, in the Na22 uptake experiments, there was
some net flux of sodium in the cells which constituted about 149 of the
steady -state flux.

The results of the PD measurements of the Shay chloroleukemic tumor
cell in external media containing decreased concentrations of chloride indi-
cate that the chloride ion distribution plays a significant role in the mainte-
nance of the PD. However, this PD is not entirely predicted by the Nernst
equilibrium potential for chloride. Since the measured PD is lower, it was
proposed that sodium ions were contributing to the PD. The data for the
flux of sodium and chloride ions across the cell membrane show that these
cells have a relatively high permeability to sodium. The theoretical PD of
the cells based on the chloride ion distribution, sodium ion distribution and
the relative permeability of the membrane to these ions can be calculated
using the following form of the Goldman equation (Hodgkin and Katz, 1949):

P (Na)y +# P (CI),

E - - RT ln Na Cl
- zF P (Na)o + P (Cl)i

Na Cl

where E : membrane potential, or PD of the cell relative to the medium,

and P = permeability coefficient. In order to calculate the theoretical PD
from this relationship, the intra- and extracellular concentrations of sodium
and chloride, as well as the fluxes of these ions across the cell membrane
were used. Since the fluxes are determined from the kinetic analysis of the
uptake data for 0136 and Na22, the intracellular concentrations of these ions

were recalculated based on the results of the kinetic analysis., To express
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these concentrations in units of uM/ml cell water or mEq/liter cell water,
the cell water was recalculated on the basis of the "kinetic' ECS instead of
the inulin water. The first step was to calculate the absolute number of
micromoles of sodium or chloride in the intra- and extracellular compart-
ments of each tissue from the following equations:

q =uMinECS = A 4(q + rX% equilibration)

r =uMinICS = A2(q + rX% equilibration),
e.g. q = 0.442(15.01 uM CIX0.93) = 6.17 uM Cl in ECS, and r - 0.568
(15.01X0.93) = 7.93 uM in ICS. These values were calculated for each

tissue in each uptake experiment. Then the compartment size of q as cal-
culated above was compared to the size of the ECS based on the inulin water
to determine the percent difference between the two. The results of this
comparison are given in table 9. By changing the value of the ECS according
to the percentage indicated in the table, a new value for the ECS in terms

of ml ECS/g wet wt was obtained. Then this value for the kinetic ECS was
used in the following equation to obtain the ml cell water for each tissue:
(ml ECS/g wet wt)g wet wt) = ml ECS, and the ml water lost by the tissue
in drying - ml ECS = ml cell water. The intracellular concentration of ion
was then found by dividing the number of uM Na or Cl in compartment r, the
ICS, by the ml cell water to give uM Na or Cl/ml cell water or mEq Na or
Cl/liter cell water,

The relative permeability of sodium to chloride ions based on the fluxes
between compartments 2 and 3, i.e. the cell membrane, were used as a
measure of P, the permeability coefficient. The PCl was set equal to one,
which was equal to the flux of chloride ions across the cell membrane, and
the ratio of the flux of sodium to the flux of chloride was set as the PNa'
These were normalized to the external concentration of sodium and chloride.
Since the values for the flux of sodium in the second sodium uptake experi-
ment (II) were different from the values for the other two experiments, the

Goldman equation was calculated twice, once using a mean sodium flux ex-

cluding the value from experiment II and then including this value. These
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sodium fluxes are listed in table 7. The two calculations are as follows:

y BT FnalNa) + Pg(Ch,
F " B (Na) ¥ P(CD)

-0. 0255 In 2,18 (56, 6 mEq Na/liter) + 1 (154. 0 mEq Cl/liter)
2.18 (162. 4 mEq Na/liter) +1 (45. 1 mEq Cl/liter)

+9.3 mV

where PCl = (0. 33 uM/min)/(154. 0 mEq/liter) = 1, then PNa = (0.79 uM/
min)/(162. 4 mEq/liter) divided by (0. 33 uM/min)/(154. 0 mEq/liter); (Na)i
= 56.6+ 1.7 mEq/liter cell water (N = 27), (Na)0 = 162.4 + 1.3 mEg/li-
ter (N = 27), (Cl)i = 45.1 + 1.9 mEq/liter cell water (N - 24), and (Cl)o
= 154.0+ 0.8 mEq/liter (N = 24).

1.82 (54.4) +1 (154.0)
1.82 (162.2) +1 (45.1)
where PCl = (0. 33 uM/min)/(154. 0 mEqg/liter) = 1, then PNa = (0. 66 uM/

min)/(162. 2 mEq/liter) divided by (0. 33 uM/min)/(154. 0 mEq/liter). These

predicted values for the membrane potential of the Shay chloroleukemic cell

-0.0255 In +8.7mV,

2) E

( #9.3 and +8.7 mV) are based entirely on the results of the kinetic analy-
sis of sodium and chloride uptakes. However, the observed membrane po-
tential is always negative under normal conditions. This may be due to the
use of a value for the relative flux of sodium to chloride in the Goldman
equation which is too great. Since the flux as calculated above does not dis-
tinguish between a leak flux and an exchange flux, the presence of a sizeable
exchange diffusion flux for sodium would contribute to the value of the flux
used to predict the PD while only the leak flux may be important in the PD.
Only where sodium fluxes are measured in the absence of external sodium
is it possible to determine the specific contribution of a sodium leak flux.

In order to determine what proportion of the total sodium flux constitutes
the active transport, exchange diffusion and leak flux, further experiments
are needed. Measurement of a ouabain-sensititve, K-sensitive sodium efflux
would constitute the active transport process. The exchange diffusion compo-
nent of sodium influx, while insensititve to cardiac glycosides, would depend
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on a carrier mechanism and on the presence of intra- and extracellular
sodium. That proportion of sodium influx which is abolished in the absence
of external sodium and is independent of a carrier mechanism constitutes
the sodium leak.

It appears that the membrane potential of the Shay chloroleukemic cell
is in large part determined by the distribution of chloride and sodium ions
across the membrane. With respect to potassium, only a slight depolariza-
tion of the membrane occurred when PD measurements were made in media
containing 80- and 120 mM K. Therefore, tte contribution of potassium to
the membrane potential though observable, is not as great as that of chloride.

Measurements of the PD of other non-excitable cells have been made.
It is evident that most of these cell types do not conform to the pattern of the
resting potential of nerve and muscle in which potassium is primarily involved
in the maintenance of the PD and the cells are relatively impermeable to so-
dium at high external potassium concentrations (Adrian, 1956; Hodgkin and
Horowicz, 1959). In many non-excitable cells a high permeability to sodium
which in turn contributes to the PD has been found. Aull (1967) found that
the mean PD of Ehrlich mouse ascites tumor cells was -11,2 mV and increa-
sing the external potassium concentration had no effect on this PD. However,
when external chloride was replaced by sulfate the cells depolarized toward
zero. Calculation of the Nernst equation for the chloride equilibrium poten-
tial gave a value of -33.5 mV, about three times greater than the measured
PD. This calculation of the Nernst equation was based on an intracellular
chloride concentration of 42 mEq/liter or 70% of the total chloride (60 mEq/
liter) which was found to be exchangeable. With respect to sodium, a high
passive permeability was found. The calculated unidirectional influx of so-
dium was 9.2 pmoles/cmzsecond (or 33.1 umoles /cmzhour) while the unidi-
rectional chloride flux was 5.2 umoles/cmzhour. It was hypothesized that
sodium contributes significantly to the membrane potential of the Ehrlich
ascites tumor cell.

Studies on the membrane potential of mammalian adrenal gland were



42

made by Matthews (1967). The mean PD of cortical cells from rabbit, rat
and kitten adrenal glands was about -70 mV and was dependent on the exter-
nal potassium concentration. However, the mean PD of cells in the medulla
was only about -20 to -30 mV and was not significantly affected by changes
in the external potassium concentration. It was suggested that high sodium
permeability may underlie the low PD of the medullary cells. Schanne and
Coraboeuf (1966) proposed that high sodium permeability may well be charac-
teristic of all non-excitable cells. In their studies, increasing the external
potassium concentration had little effect on the PD of rat liver cells. In
other studies on rat liver cells, Beigelman and Schlosser (1969) found that
variations in the external potassium concentration from 5 to 80 mEq/liter
caused a decrease in the PD from -20 to -13 mV. The PD fell from -21 to
-11 mV when external chloride was decreased from 128 to 7 mEq/liter.
Good agreement between observed and calculated values was obtained with
the Goldman equation using the values of Schanne and Coraboeuf (1966) for
the liver intracellular ion concentrations and permeability ratios. The P a

N
was 0. 3 relative to the P,, which was taken as 1.

Woodbury and Woodbﬁry (1963) found a mean PD for rat and guinea pig
thyroid cells of about -50 mV. When potassium chloride was applied topi-
cally the membrane depolarized and the ratio of the sodium to potassium
permeability was estimated to be 0.12.

Examination of the PD and permeability of mouse fibroblasts (L cells)
in culture (Lamb et al., 1970) revealed that the PD of the cells was about
-15 mV and the intracellular concentrations of sodium, potasssium and chlo-
ride were 10, 170 and 75 mM/liter water, respectively. Ion fluxes were
measured using radioisotopes. The value for the sodium flux (3. 6 pmoles/
cm2 second) was more than twice that for potassium (1.5 pmoles /cm2 se-
cond) and the chloride flux was much greater than either of these (about
11 pmoles/cm2 second). Since the value for the chloride equilibrium po-
tential (-17. 45 mV) and the measured membrane potential (-15. 36 mV) were

in close agreement it appeared that chloride was passively distributed.
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Substitution of the observed PD and the intracellular concentrations of sodium
and potassium in the Goldman equation gave a PNa/PK rato of 0. 66. Simi-
larly, Borle and Loveday (1968) obtained a sodium to potassium permeability
ratio of 0. 57 for cultured HeLa cells. In Tris buffer, and with normal con-
centrations of potassium and sodium, the PD was -17.1 mV. Raising the
extracellular potassium from 6 to 71 mM with an equivalent decrease of sodi-
um in the buffer caused the PD to fall to -7.5 mV. A further increase in the
external potassium caused an even greater depolarization of the membrane.
On the basis of the permeability ratio of 0. 57 and the intracellular concentra-
tions of sodium and potassium given elsewhere (Wickson-Ginzburg and Solo-
mon, 1963) for HeLa cells, the expected PD was calculated according to the
Goldman equation. The PD calculated in this manner was very close to the
measured PD. Similar sodium and potassium permeability ratios have been
calculated for other cells. Tosteson and Hoffman (1960) found a value of
0. 57 for high potassium sheep red cells. The value of this ratio was 0. 34
for Ehrlich mouse ascites tumor cells (Aull, 1967). Borle and Loveday pro-
posed that this high sodium permeability may be characteristic of cells which
derive their metabolic energy from glycolysis. High aerobic glycolysis is a
common feature of the red blood cell (Tosteson and Hoffman, 1960), the
HeLa cell (Wickson-Ginzburg and Solomon, 1963), and the Ehrlich ascites
tumor cell (Hempling, 1958), The Shay chloroleukemic cells have been
shown to have a relatively high sodium permeability, howevef, no respira-
tory studies have been done on these cells. Human leukemic granulocytes
exhibit low respiratory rates and high aerobic glycolysis (Laszlo, 1967).

Few studies have been made on the PD of leukocytes. Macrophages pre-
sent in cultures of neuroglial cells were impaled with microelectrodes and
the PD ranged from -5 to -15 mV (Wardell, 1966). In another study, Hild
and Tasaki (1962) found a mean of -9.3 mV for macrophages under the same
conditions. Beckmann et al. (1970) measured the PD of granulocytes taken
from whole blood and from peritoneal exudates and found values of about

-5 mV. Cultured human lymphocytes had about a -12 mV PD (Hause et al.,
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1970). These values for the PD of white blood cells are in the same range
as those observed for the Shay chloroleukemic cell.

More detailed studies on the PD of red blood cells have been made.
Lassen and Sten-Knudsen (1968) found a range of values for the PD of human
red blood cells from -6 to -14 mV. Jay and Burton (1969) found a mean for
twenty human red blood cells of ~8. 0 mV and a Nernst equilibrium potential
of -10 mV for chloride when the intra- and extracellular concentrations of
chloride are 73 and 110 mEq/liter, respectively. This indicates that chlo-
ride ions are passively distributed across the red blood cell membrane and
are responsible for the observed membrane potential.

Table 10 lists the average PD value for a variety of normal and malig-
nant cells. These measurements were made in intact animals, excised tis-
sues or in culture, as indicated. In general, the cells in intact and excised
normal tissues had a higher PD than normal celis maintained in culture,
The malignant cells examined all have a relatively low PD, in the same range
as cultured normal cells. Perhaps the low PD of granulocytes and red blood
cells is related to the fact that these are circulating and not tissue cells.
There is no clear-cut difference between normal and malignant cells based
on their membrane potentials, however, malignant cells tend to have a rela-
tively low PD. This may be indicative of a change in membrane structure
and physiology which leads to higher sodium permeability.

Observations by Cone (1969) on mouse L (sarcoma) cells in vitro led to
an hypothesis relating the membrane potential to the mitotic activity of the
cell. A few hours before the morphological indications of prophase became
apparent, a gradual thickening at the cell surface was seen and the cells
became spherical in shape. An increase in cell volume occurred as well
as an increase in the membrane potential from an interphase [evel of -10
mV to -16 mV at the beginning of prophase. Almost immediately after the
cell became spherical, a rapid depolarization trend was initiated, returning
the PD to the interphase level. Data on changes in cell volume were based

on time -lapse cinematographic observations and actual measurements of the
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PD of cells in known states relative to prophase were made. However, no
description of the methods and instrumentation is given by the author.

Based on these observations, Cone (1969, 1971) advanced the hypothesis
that different PD levels play a role in the control of cell division. It was
pointed out that cells which maintain a very high PD seldom if ever enter
mitosis, e.g. nerve and muscle, while cells which have a small PD routine-
ly divide.

Cone and Tongier (1970) examined the effect of variation in the PD on the
mitotic activity of naturally synchronized Chinese hamster cells in culture.
To induce changes in the PD ranging from -10 to -90 mV, they used media
designed to produce the corresponding intracellular ion concentrations and
followed DNA synthesis with tritiated thymidine. Their results show that mi-
totic suppression was complete in cells incubated in a medium believed to
impose a PD of -70 mV. Since completion of DNA synthesis was considered to
be a prerequisite for mitotic induction, it was assumed that the observed mi-
totic blockage induced by a supposedly simulated high PD was a direct result
of DNA synthesis blockage. However, the data obtained from this experi-
ment are inadequate with respect to the hypothesis because no measurements
of the actual ion concentrations or PD of the cells were made. It can only be
said that a change in the external ionic and osmotic conditions effect the mi-
totic activity of the cells. Different levels of the membrane potential were
proposed to be directly involved in mitotic regulation but the lack of data for
the direct measurement of the membrane potential makes this experiment of
questionable significance with respect to proving the hypothesis stated above.
While Cone proposes an attractive hypothesis for the relationship of cellular
metabolic activities to the membrane potential level, the experimental data
upon which this hypothesis is based are incomplete. The low PD observed in
malignant and cultured cells may not play a regulatory role in mitosis but may
only be a reflection of the ionic conditions in the cell brought about by a re-
gulatory change at some level other than the cell membrane. More definitive
experiments are needed to establish the nature of the relationship between

the membrane potential and the metabolic activities of the cell.
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IV. Surface Properties of Malignant Cells

An important approach to the control of cancer is to elucidate the mech-
anisms controlling the proliferative and metastatic capabilities of malignant
cells. Wallach (1968, 1969) proposed that an alteration in the membrane
may be a common feature of all malignant cells. Some differences in the
surface and membrane of malignant cells as opposed to their normal coun-
terparts have been found.

Eagle (1968) reviewed the work on the growth -regulatory effects of cel -
lular interactions in culture. With cultured cancer cells, cell growth is
not sharply curtailed on the formation of a complete monolayer as in nor-
mal cells. Instead, the cells continue to grow and pile up on the surface
of the glass, reaching maximum population densities of three to five times
greater than those observed with most normal cells. Therefore, the ulti-
mate cessation of growth involves processes other than simple contact inhi -
bition. With some cell lines the entire multilayered cell sheet sloughs off
the glass, with still others there exists a gradual diffuse degeneration of the
whole population. An attractive theory results from these observations,

i. e. that cancer cells have escaped from growth-regulatory processes in
vivo because they are no longer subject to contact inhibition of growth and
replication (Eagle, 1968; Abercrombie, _et_al. » 1954, 1957)., The term
"contact inhibition" was applied by Abercrombie and co-workers to the be-
havior of freshly isolated chick embryo heart fibroblasts. Contact inhibi-
tion was defined as the stopping of locomotion of a cell in one direction by
contact with another cell. This phenomenon occurred with chick and mouse
fibroblasts but not with mouse sarcoma cells. However, Eagle (1968)
suggests that a case could be made for the thesis that escape from contact
inhibition is not the primary or perhaps even a major determinant of neop-
lastc behavior. It is not certain that the phenomenon of contact inhibition
is basically concerned with growth regulation in the whole animal. The
observation that some normal diploid cells, each of which is contact-inhibi -

ted in a crowded culture, do not inhibit each other, indicates that escape



47

from contact inhibition sometimes depends on the specific interacting cells
and is not necessarily associated with neoplastic behavior. In addition,
some cell lines which have been transformed in culture, continue to exhibit
contact inhibition of growth., Sanford (1967) concluded that the increased
rate of cell population growth induced in Syrian hamster embryo cells by
polyoma virus appeared to be the cause of the morphologic response, i.e.
multilayering growth, rather than loss of contact inhibition.

In attempts to relate the metastatic properties of cancer cells to their
surface properties interest has focused on the surface electrical charge.
Ambrose and co-workers (Lowick et al., 1961) found that cells derived from
rat hepatomas and stilbestrol-induced hamster kidney tumors had higher
electrophorectic mobilities than did their normal counterparts. Similafly,
in human kidney fibroblasts transformed by polyoma virus in culture

(Forrester et al., 1962), two types of cells resulted. One type had an elec-
trophoretic mobility similar to normal cells and the other had about a 25%
higher mobility. After incubation with neuraminidase, the mobility of both
was reduced to the same value. This indicated that the 25% increase in
mobility was due to sialic acid (neuraminic acid). Purdom et al. (1958) de-
monstrated a progressive change in electrophoretic mobility in sub-lines of
a mouse sarcoma. The ease of producing the ascites form of the tumor,
which leads to the appearance of early metastases, was correlated with a
progressive increase in negative charge.

Burger and Goldberg (1967) isolated and characterized an agglutinin im-
portant in studies of the surface charge of malignant cells. This substance
agglutinated baby hamster kidney fibroblasts (BHK) which were transformed
with polyoma virus, but not normal cells. They demonstrated that the tumor-
specific site that interacts with the agglutinin contains sialic acid. Based
on the hypothesis that there might be a failure in the regulation of sialic acid
metabolism in cancer cells, Ohta et al. (1968) examined the sialic acid con-
tent of non-transformed tissue cultures of BHK cells and their virally trans-

formed counterparts. They found that the transformed cells had slightly
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lower amounts of sialic acid than their respective normal lines. The trans-
formed line which had lost its contact inhibition contained less sialic acid
than its BHK21 mother line. They suggest that technical differences of cell
growth, isolation, etc. could be responsible for conflicting results with
other investigations. For example, in some work trypsin was used to de-
tach cells from their surface and this enzyme releases some sialic acid.

In a recent study, Patinkin et al. (1970a, 1970b) showed that there were
no differences in electrophoretic mobility between lymphatic leukemia cells
or lymphosarcoma cells and the lymph node and thymus cells derived from
apparently normal animals or the corresponding strains. In fact, leukemic
cells of the AKR strain (lymphatic leukemia) had slightly lower mobilities
than those of the normal lymph node cells of the same strain. Neuramini-
dase reduced the mobility of all the cells tested by about 20 to 40%,.

Some evidence for a difference in the cell surface of tumor cells comes
from another kind of experiment. Hause et al.(1970) studied the PD of vari-
ous types of cells which were cultured on glass cover slips. They found
a distinct positive pre-potential, preceding the normal PD, which ranged
from 1 to 8 mV and was dependent on the pH (5 to 8 mV were recorded at
pH 8). This pre-potential was found in all malignant cells studied which
included malignant trophoblast cells, human laryngeal carcinoma, cervical
cancer (HeLa) cells, choriocarcinoma, rat sarcoma (256 and L cells).

It was also found in human trophoblast cells and lymphocytes whereas nor-
mal kidney, embryonic heart, and lung cells seldom gave prepotential re-
cords except in cases in which the cells were rounded just prior to mitosis.
This may reflect an increase in cell surface chemicals during the G2 phase
of the cell cycle and the early mitotic process. It was suggested that the
malignant cells have a thicker surface coating of mucopolysaccharides con-
taining terminal groups of negatively-charged sialic acid moieties. The
typical cell membrane forms an ionic double layer of positive and negative
ions at its outer surface which establishes a potential continuum with the

surrounding electrolytes. The sialomucin coating alters the ionic distribu-
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tion at the surface possibly by displacing the normal bilayer of surface ions
to the outer margin of the sialomucin layer. Similar to the normal cell sur-
face, a reference potential is thus established between the negative terminal
groups of sialic acid and the external electrolytes. With respect to this
reference potential, an induced positive potential is recorded within the
coating layer due to the positively charged outer bilipid cell membrane
(Hause ﬂ. » 1970).

Surface sialic acid moieties may also be involved in adherence of tumor
cells to other surfaces. Cormack (1970) found that adhesion of dissociated
Walker 256 tumor cells to mesothelial tissue depends in part on the presence
of sialic acid on the tumor cell surface. When the cells of tumors previous-
ly incubated in neuraminidase were injected into rats they survived longer
than rats receiving untreated cells. Cormack ascribed two functions to
surface sialic acid: (i) Its presence contributes to the antigenicity of the
cells, for they become less antigenic when it is removed. (ii) It is impli-
cated in the adherence of dissociated tumor cells to mesothelial membrane.

Another approach to the study of surface properties of normal and malig-
nant cells has been taken by Loewenstein and co-workers, using electro-
physiologic techniques. Studies on normal and malignant liver cells (Loe-
wenstein and Kanno, 1967) showed that normal rat liver cells communicate
rather freely with each other through permeable junctional membranes,
while rat liver cancer cells show no communication at all. This was based
on the measurement of the electrical resistance between adjacent cells; the
resistance is relatively low between cells which communicate electrically.
The surface membrane of the cancer cell was considered to be a strong bar-
rier to diffusion all around the cells. Some evidence to suggest that cancer
cells induce alterations in membrane permeability in normal liver cells was
based on the observation that communication among the normal cells was
much reduced when malignant cells grew near them. Therefore, the cells of
normal liver form a functional continuum while the cells of cancerous liver be-

have like independent functional units. Jamakosmanovi¢ and Loewenstein
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(1968) compared human, rat, mouse and hamster normal and malignant
thyroid tissue. The resting potential of normal rat thyroid was about -47 mV
while corresponding malignant cells had a range of -22 to -32 mV depending
on the type. In addition, these investigators found that there was no commu-
nication between the malignant cells. These studies were extended to cells
in culture by Borek et al. (1969). These investigators examined the pattern
of communication between cancerous fibroblasts shortly after their isolation
from animal tumors and their normal counterparts. Epithelial cells of nor-
mal rat liver and hamster embryo in tissue culture communicate through
membrane junctions indicating that the membrane regions of cell contact
are highly ion permeable. However, cancerous cells from liver tumors and
X -ray transformed embryo cultures do not communicate with each other or
with contiguous normal cells. However, some differences were found based
on the culture conditions., Communication in some fibroblastic cells was
sensitive to components of blood serum. Normal and transformed hamster
embryo fibroblasts, which communicate when cultured in medium contain-
ing fetal calf serum, appear to lose communication in medium containing
calf serum; the converse holds for adult hamster fibroblasts and 3T3 (mouse
embryo ) cells transformed by SV-40 virus.

It would be tempting to hypothesize that intercellular junctions permit
cells to exchange control substances thereby influencing their activity and
that the lack of intercellular communiclation through these electrically-
coupled junctions would lead to a disruption of coordinated cell behavior as
observed in malignant growth. However, Sheridan (1970) observed low -
resistance junctions in four types of tumors. His experiments were per-
formed on small tumor nodules which appeared growing on the mesentery
after intraperitoneal injection of cells obtained from cultures or solid tumors
of mouse sarcoma or rat hepatoma dissociated with trypsin or crudely minced.
Sheridan (1970) also reports unpublished observations of Furshpan and Potter
in which after a renewal of medium, sarcoma 180 cells in culture undergo a

cycle of uncoupling followed by recoupling. Such changes observed in culture
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might be related to the change in shape of the cells, i.e. the rounding up at
the start of mitosis (Hause et al., 1970; Cone, 1969). These contradictory
observations may be due to differences in technique and handling of the cells
studied. The cells may be particularly sensitive to mechanical stress im-
posed by separation techniques. Impaling a cell with a microelectrode may
lead to uncoupling depending upon the amount of stress imposed upon the
cell. It is also possible that changes in the degree of electrical coupling
between cells occur during different stages of the cell cycle.

There is some morphological evidence for intercellular junctions bet-
ween adjacent tumor cells. Clarke (1970) examined mouse sarcoma tissue
with the electron microscope and found that these cells are in relatively
close approximation to one another with long segments of plasma membrane
in parallel array. Two types of specialized junctions were seen. One type
was characterized by a parallel approximation of cell membranes of adja-
cent cells to within 200 & of one another. The intercellular space appeared
to be filled with an amorphous material of greater density than that found
within the contiguous intercellular spaces. The cytoplasm immediately
adjacent was often more dense. In the second type, which was more com-
plex, the adjacent plasma membranes were separated by a distance of about
400 to 600 £. In the center of this intercellular space there was a dense
plaque. An amorphous dense material filled the space and adjacent cytoplasm.

Well -defined "zipperlike' structural bonds were observed by electron mic-
roscopy in monocytic cells from patients with acute monocytic leukemia
which were stimulated for phagocytosis. These structures connected the
plasma membranes of adjacent cells and joined surfaces of approximating
pseudopodia on the same cell (Sanel and Serpick, 1970). Preliminary exa-
mination of the electron micrograph of the Shay chloroleukemic cells (figure
1) shows that the membranes of adjacent cells are very closely apposed.

In some short segments there is what resembles dense intercellular material.

Actual bridge formation between malignant cells in culture has been ob-
served to arise from external merger of pseudopodia of neighboring cells
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as well as by incomplete cytokinesis (Cone, 1968). Cone observed that
groups of mouse sarcoma cells with ime-lapse cinematography, become
linked into syncytial networks by intercellular bridges. In such networks
the division of any one cell was seen to initiate a mitotic stimulus which
traveled outward via the bridge connections to the neighboring cells and in-
duced them to divide. Proof of the cytoplasmic continuity of the bridges

was demonstrated by direct hypotonic coalescence of connected cells through
the bridge channel. Such a system can be inherently malignant (Cone, 1969).
Wallach (1969) postulates that an oncogenic agent acts to introduce an inap-
propriate protein into cell membranes, either in replacement of or in addi-
tion to normal components. As a consequence, numerous membrane func-
tions may be modified accounting for the membrane changes and pleiomor-
phism seen in neoplasia. It appears that alterations in the membrane and
surface of malignant cells do occur but no regular pattern of change is ob-
vious. Different neoplasms do not all have the same alterations. There-
fore, it is difficault to propose an hypothesis for the regulation of cell divi-
sion or metastatic behavior based on a universal change in the surface

properties of malignant cells.

V. Concludillg Remarks

It has been shown that the membrane potential of the Shay chloroleuke -
mic cell is relatively low; probably a result of a high permeability to sodium.
This may also be the case in other malignant cells. Ideally, the membrane
potential and distribution of electrolytes in normal myeloblasts should be
measured and compared to the findings discussed above for Shay chloroleu-
kemic cells. However, the small number of myeloblasts in normal bone
marrow do not make this kind of study feasible.

Experiments designed to test the hypothesis proposed by Cone, relating
membrane potential and sodium permeability to cell proliferation would be
desirable in examining the leukemic process, Attempts are being made to

grow the Shay chloroleukemic cells in suspension culture, Such an in vitro
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system would permit the study of the effects of changes in the electrolyte
distribution and membrane potential on the proliferative activity of these
cells. In addition, the response of these leukemic cells to various growth
regulatory agents, e.g. hematopoietic stimulating factors, could be assessed.

The lymphocyte provides a good system for studying proliferntive res-
ponses. It has been shown that transformation and proliferation in response
to phytohemagglutinin (PHA) is a characteristic of normal lymphocytes.
Chronic lymphocytic leukemic (CLL) lymphocytes respond to PHA but the
magnitude of the response is reduced and the development of a peak proli-
ferative activity is delayed (Havemann and Rubin, 1968). PHA is believed
to affect the surface membrane of the lymphocyte and, acting primarily
through gene activation, lead to cell enlargement, DNA replication and mi-
tosis. The observation that the CLL lymphocyte is much less sensitive to
this agent suggests that PHA may remove the regulating factors which inhi-
bit mitosis in normal lymphocytes, leading to increased proliferation while
the CLL lymphocyte has already been subjected to this altered regulation.
This suggests that changes in the structure and/or function of the surface
membrane, through which PHA is presumed to act, may be significantly
involved in the neoplastic process.

Further studies of the kind discussed above on the Shay chloroleukemic
cell would contribute to our understanding of the leukemic cell and perhaps

more generally, elucidate mechanisms of the neoplastic process.
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SUMMARY

The nature of the potential difference (PD) across the membrane of the
Shay chloroleukemic tumor cell was examined. The mean PD was found to
be -9.4 4+ 0.4 (SE) mV, inside negative. The role of potassium and chloride
ions in the maintenance of this PD was determined using the Nernst equa-
tion. It was found that increasing the external concentration of potassium
had only a small effect causing the PD to shift from a mean of -9.2 + 0.4
mV in normal Ringer medium to -6.7 $0.4 mV in 80 mM K and -7.3 + 0. 4
mV in 120 mM K Ringer medium. Decreasing the external concentration of
chloride caused a depolarization of the membrane to zero. However, the
Nernst equilibrium potential for chioride (-21. 3 mV) was greater than the
measured PD in normal Ringer medium in these experiments (-7. 4 + 0.2 mV).
If the Goldman equation is considered, the distribution of sodium ions across
the membrane may play a role in "shunting" the chloride equilibrium poten-
tial, resulting in a lower PD. To investigate this possibility, the relative
fluxes of chloride and sodium across the cell membrane were determined.
The flux of sodium (0. 4 to 0. 8 umoles/minute) was almost twice as fast as
that for chloride (0. 3 umoles/minute). This makes the suggestion of a shun-
ting role for sodium more feasible. Therefore, the membrane potential
of the Shay chloroleukemic cell depends on the distribution of chloride and
sodium ions in particular, while potassium ions seem to play a lesser role

in this respect.
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Effects of Increased External Potassium on the PD and on the Potassium

and Sodium Concentrations of Shay Chleroleukemic Tumor Cells

Meatam (K); (Na), % Cell Water

Normal 121.6 +9.2 48.4 +3.9 77.5 +0.5

20mM K 115.5 +5.6 42.8 +7.7 78.1 +0.5

80 mM K 120.1 +8.7 32,9 +4.0 78.0 +0.3

120 mM K 137.7 +2.2 26.2 +4.5 78.5 + 0.4

Ii{dl:ie;n (K )o (Na)o %rl:tcillc::lhb- ( -meD(N)
Normal 7.0 + 0.1 165.8 +4.9 82.3 +4.1 9.2 +0.4(49)
20 mM K 20.8 +0.4 158.2 +7.2 89.3 +2.3 8.2 +0.4(40)
80 mM K 80.7 +1.6 107.4 +5.0 81.3 +5.2 6.7 +0.4(52)
120 mM K 9.2 +1.4 75.3 +3.3 82.0 +5.9 7.3 +0.4(37)

In this and all subsequent tables, the values given are accompanied by the
standard error ( 4+ SE). Intracellular concentrations (i) are given in mEq/
liter cell water, and extracellular concentrations (o) are given in mEq/

liter water.
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Table 2
Effects of Decreased External Chloride on the PD and Chloride Concentra-

tion of Shay Chloroleukemic Tumor Cells

% Equilibra-

Ringer Medium (Cl)i (Cl)o % Cell Water tion
Normal 71.7 +6.7 163.1 +3.4 77.3 +0.6 96.9 +7.3
Sulfate 20.5 +1.7 10.0 +1.0 77.2 +0.6 44.1 +8.2

High K-Sulfate 19.3 + 1.9 5.9 +40.3 76.1 +0.4 42.3 +3.8

Measured PD Calculated E

Ringer Medium (mV) (N) (mV) cl
Normal -7.4 4 0.2 (46) -21.3
Sulfate +0.7 +0.4 (51) +18.4

High K-Sulfate ~ +0.2 4 0.2 (50) +30.1

where - _ RT " Clo
ClL - zF Cli
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Table 3

Sulfate and Inulin Spaces of Tumors Calculated on the Basis of the

Sas-Sulfate and C 14 -Inulin Uptake Experiments

Sulfate Inulin Inulin

Sulfate Sulfate

mm 2 S C@  ap o
0 0. 029 0.018 0. 026 0.011 0.025

1 0. 064 0.037 0. 033 0.029 0.031

5 0.123 0. 053 0.105 0.043 0.042
15 0.190 0. 087 0.149 0.060  0.054
30 0. 306 0.114 0.189 0.067 0.091
60 0.392 0.144 0.176 0.116 0,113
90 0. 392 0.110 0.197 0.100 0.089
120 - 0.125 0.191 0.092 0.107

150 - - 0. 227 - -
where cpm C14 or S35
Sulfate or Inulin Space = Lwi;“’t 35
cpm C " or S

ml medium

= ml "inulin or sulfate water"
g wet wt
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Chloride Concentrations of Tumor Cells and the Extent of Equilibration

of Tissue Chloride with 0136 in the Medium for Tumors Used in the Cl

Uptake Experiments

36

Tir.ne ), ) % Cell . S. A, S. A % Eqﬁlib-
(min) i (¢] Water Tissue  Medium ration
0 47.041.2 152,5+42.5 79.040.1 100411 1171452 8.5+0.7
5 58.146.9 151.740.8 79.6+0.5 512452 1156430 44.3+4.6
15 59.447.4 155.045.0 79.1+40.3 697+5 1092+46 63.9+2.3
30 58.5+43.4 155.042.0 78.5%0.3 764435 1093+27 70.1+45.0
60 56.9+4.5 156.7+40.8 78.7+40.3 887+5 1078441 82.443.1
90 62.541.9 151.740.8 78.9+0.2 1014+7 1123444 90.5%3.1
120 57.845.3 152.5+41.4 78.7+0.1 1022452 1129459 91.2+8.4
150 65.345.6 155.843.6 79.040.2 1017 $57 1094 +46 93.1+3.9

where S.A. = specific activity, in dimensions of cpm/micromole ClI.



Table 5

66

Sodium Concentrations of Tumor Cells and the Extent of Equilibration

of Tissue Sodium with Na22

Uptake Experiments

22

in the Medium for Tumors Used in the Na

;rrrilllnni (Na)i (Na)o %Z/St;l; Tiss.::l.e Mzdfum % f:ttili)l;b-
0 43.6+46.7 162.646.4 78.4+0.2 147419 2028 +120 7.3+40.9
1 46.445.9 160.7+3.3 79.140.1 426+18 1907421  22.3+0.8
5 58.5+14.4 165.343.5 78.8+0.1 647+63 1817+69 35.9 4.7
15 61.943.1 159.040.8 78.8+40.5 929432 1895493 49.54+4.2
30 65.3+43.9 163.243.7 78.5+40.3 1288496 1799485 72.0+6.8
60 68.342.0 165.243.7 78.640.1 1544437 1798+54 86.1+3.8
90 75.5+44.3 163.5+44.8 78.5+0.1 1491 +114 1763 +92 84.5+4.1
120 76.3+11.3 160.3+1.8 78.4+40.2 1664456 1869+ 4 89.0+2.8
150 68.842.5 159.6+42.6 78.040.2 1626446 1792+109 91.345.0

where S. A. a specific activity, in dimensions of cpm/micromole Na.,



67

Table 6
Rate Constants and Fluxes for Chloride Calculated on the Basis of the

Kinetic Analysis of the Data From the 0136 Uptake Experiments

Rate Constant (k) Flux
Subscript (min-l) (uM Cl/min)
12 0.011 8.15
21 1. 000 8.19
23 0. 040 0.33
32 0.031 0.33

where Flux = Rate Constant x Compartment Size, and the compartment
sizes are: p = 769.0+43.8, q = 8.240.4, andr = 10.5 +0.7 micromoles
of chloride, for N = 24 pieces of tissue. The values of q and r were cal -
culated for each piece of tissue from the following equations:

A 4(q + r) (93% exchangeable chloride),

Az(q + r) (93% exchangeable chloride).

q

r
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Rate Constants and Fluxes for Sodium Calculated on the Basis of the

Kinetic Analysis of the Data from the Na22 Uptake Experiments

Sub- Experiment [

Experiment II

script k flux k flux
12 0.005 3.90 0.007 5.67
21 0.460 3.93 0.420 5.71
23 0.090 0.77 0.030 0.41
32 0.036 0.77 0.027 0.41
Compart-
ment Size Size
P 829.9 49. 8 809.3 +11.3
q 8.6+0.6 13.6 +1.9
r 21.1+1.6 15.0+2.1
(N =9 (N = 8)

Experiment III

k

flux

0. 004
0.372
0. 091
0. 050

3.26
3.30
0. 81
0.80

Size

794.
8.

16,

0+3.7
9 40.7
0+1.2
(N =9)
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Table 8
Rate Constants Calculated from the Kinetic Analysis of the Cl4-Inulin

and SSS-Sulfate Uptake Experiments

C 14 -Inuéin C 14 -Inulin 835 =Sulfate S 35 -Sulfate 835 -Sulfate

23°, 0 23° 0° (1) 0° (2) 23°
K, 0. 003 0. 004 0. 003 0.012 0. 008
Ky, 0.353 0.184 0.220 0. 620 0.167
Kys 0. 035 0. 020 0. 060 0. 060 0. 025
Ky, 0. 027 0.038 0. 060 0. 060 0. 021
A, 0. 440 0. 653 0. 500 0. 500 0. 464
A, 0. 565 0.346 0.498 0. 500 0.535
@+1) g 022 0. 029 0. 028 0. 040 0.102
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Table 9
Comparison of Values for the Extracellular Space Based on the Kinetic

Analysis and Based on the Cl4-Inulin Distribution

uM Cl uM Na(I) uM Na(lI) uM Na(Ill)
Kinetic ECS 8.2+0.4 8.6+40.6 13.6%1.2 8.940.7
Inulin ECS 6.040.2 11.8+40.6 10.840.6 8.1+0.3
Difference 36% 28% 26% 10%
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Table 10

Comparison of Membrane Potentials of Normal and Malignant Cells

Cell type Condition PD (-mV) Reference

Normal Cells

rat liver intact 50; 43 Schanne and Corabouef, 1966;
Beigelman and Schlosser, 1969

rat, guinea pig excised 50 Woodbury and Woodbury, 1963,
thyroid Jamakosmanovi¢ and Loewen-
stein, 1968

rabbit, rat, kitten excised 70 Matthews, 1967; Fawcett, 1969
adrenal cortex
rabbit, rat, kitten excised 20 to 30 Matthews, 1967; Fawcett, 1969
adrenal medulla
rat adipose tissue excised 51 Girardier et al., 1968
human embryonic in culture 35 Hause et al. , 1970
heart
human embryonic in culture 20 "
kidney
human lung in culture 22 "
monkey kidney in culture 27 "
fibroblasts

rabbit macro- in culture Sto 15 Wardell, 1966; Hild and Tasa-

phages ki, 1962
human lympho - in culture 12 Hause et al., 1970

cytes
rabbit peritoneal, excised 5 Beckmann et al. , 1970
human peripheral
granulocytes

human peripheral excised 8 Jay and Burton, 1969

red blood cells



Malignant Cells

rat thyroid
Ehrlich mouse
ascites cells

HeLa cells

KB cancer cells

human meningio-
ma cells

human chorio-
carcinoma

human larynge -
al carcinoma

mouse L cells

rat sarcoma
256

Table 10 (continued)

excised

excised

in culture

in culture

in culture

in culture

in culture

in culture

in culture

22 to 32

11

17; 25

12

10 to 20

35

23

15

20

72

Jamakosmanovi¢ and Loewen-
stein, 1968

Aull, 1967

Borle and Loveday, 1968;
Hause et al., 1970

Redmann and Katkoff, 1968

Prieto et al., 1967

Hause et al., 1970

1"

Lamb et al., 1970

Hause et al., 1970
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Figure 1

Electron Micrograph of the Shay Chloroleukemic Tumor Cells.
Magnification, 8000x.
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Figure 2

Distribution of the Potential Difference of Shay Chloroleukemic Cells
From Tissues Bathed in Normal Ringer Medium.
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Figure 3

The Effect of Increased External Potassium on the Distribution of the
Potential Difference of Shay Chloroleukemic Tumor Cells.
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Figure 4

Typical Recording of the Potential Difference of Shay Chloroleukemic
Tumor Cells in Normal (7 mM K) Ringer Medium. The recording was
made from left to right as the microelectrode began penetrating the tissue
(upward arrow). Movement was stopped when the -12 mV potential differ-
ence occurred and the microelectrode was slowly withdrawn (downward
arrow) about five seconds later,
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Figure 5

Typical Recording of the Potential Difference of Shay Chloroleukemic
Tumor Cells in 20 mM K Ringer Medium. This potential difference is

-8 mV. The upward arrow indicates penetration of the tissue by the
microelectrode. Movement was stopped when the 8 mV deflection occurred.
The microelectrode was withdrawn almost five seconds later (downward
arrow).
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Figure 6

Typical Recording of the Potential Difference of Shay Chloroleukemic
Tumor Cells in 80 mM K Ringer Medium. The first upward arrow
indicates the penetration of the tissue by the microelectrode followed by
the recording of a -7 mV potential difference. Further penetration led to
the recording of a--8.5 mV potential difference (second upward arrow).
Then the microelectrode was withdrawn from the tissue (downward arrow).
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Figure 7

Typical Recording of the Potential Difference of Shay Chloroleukemic
Tumor Cells in 120 mM K Ringer Medium. The potential difference
is -6.5 mV (upward arrow). After about 8 seconds the microelectrode
was slowly withdrawn (downward arrow).
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Figure 8

The Effect of Sulfate and High Potassium - Sulfate Ringer Medium on
the Distribution of the Potential Difference of Shay Chloroleukemic
Tumor Cells.
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Figure 9

Typical Recordings of the Potential Difference of Shay Chloroleukemic
Tumor Cells in Normal Ringer Medium. The dimensions for these
oscilloscope tracings are 100 msec/cm horizontally and 5 mV/cm verti-
cally. When a potential difference occurred (upward deflection), the

oscilloscope beam was stopped after a few seconds and the picture was
taken.

a. A -9 mV potential difference.

b. A -10mV potential difference.
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Figure 10

Typical Recordings of the Potential Difference of Shay Chloroleukemic
Tumor Cells in Sulfate and High Potassium -Sulfate Ringer Medium.
The dimensions for these oscilloscope tracings are 100 msec/cm hori-
zontally and 5 mV/cm vertically. The downward deflection indicates a
positive potential difference.

a. A +5mV potential difference of a cell in sulfate Ringer medium.

b. A positive deflection of about 2 mV recorded from a tissue in
high K -sulfate Ringer medium.
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Figure 11

Curve Fitted to the CM-Inulin Uptake Data at 0° and 23° by the Analog
Computer. The following potentiometer and amplifier settings were used:
P1 = 0.155, P2 = 0.353, P3 = 0.035, P4 = 0, 027, A2 = 4.40, A4 - 5.65.
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Figure 12

Curve Fitted to the CM ~Inulin Uptake Data at 23° by the Analog Computer.
The following potentiometer and amplifier settings were used: P1 = 0. 120,
P2 =z 0.184, P3 = 0.020, P4 = 0.038, A2 - 6.53, A4 = 3,46.
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Figure 13

Curve Fitted to the 835 -Sulfate Uptake Data at 0° (1) by the Analog Com -
puter. The following potentiometer and amplifier settings were used:
P1 = 0.110, P2 = 0.220, P3 = 0.060, P4 - 0.060, A2 - 5.00, A4 = 4.98.
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Figure 14

Curve Fitted to the S3° -Sulfate Uptake Data at 0° (2) by the Analog Com-
puter. The following potentiometer and amplifier settings were used:
P1 = 0.310, P2 = 0.620, P3 = 0.060, P4 = 0.060, A2 = 5.00, A4 = 5.00.
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Figure 15

Curve Fitted to the 835 -Sulfate Uptake Data at 23° by the Analog Computer.
The following potentiometer and amplifier settings were used: Pl = 0. 075,
P2 = 0,167, P3 = 0.025, P4 = 0.021, A2 - 4.64, A4 - 5.35.
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Figure 16

Curve Fitted to the Mean 0136 Uptake Data by the Analog Computer. The
following potentiometer and amplifier settings were used: P1 = 0. 440,
P2 « 1.000, P3 = 0.040, P4 = 0.031, A2 = 5,68, A4 = 4.42,
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Figure 17

Mean Na22 Uptake by Pieces of Shay Chloroleukemic Tumor.
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Figure 18

Curve Fitted to the Na22 Uptake Data (I) by the Analog Computer. The
following potentiometer and amplifier settings were used: Pl = 0.133,
P2 = 0.460, P3 = 0.090, P4 = 0.037, A2 = 7.12, A4 = 2,88,
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Figure 19

Curve Fitted to the Na22 Uptake Data (II) by the Analog Computer. The
following potentiometer and amplifier settings were used: P1 - 0. 200,
P2 = 0,420, P3 = 0.030, P4 = 0.027, A2 - 5,25, A4 = 4.77.
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Figure 20

Curve Fitted to the Na22 Uptake Data (III) by the Analog Computer. The
following potentiometer and amplifier settings were used: Pl = 0.132,
P2 = 0,372, P3 = 0.091, P4 - 0.050, A2 = 6.43, A4 = 3.57.
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Figure 21
Model of the Shay Chloroleukemic Tumor Based on the Distribution of

C136. The compartment sizes are; 1 = 769. 0 uM CI for the medium;

2 = 8.2 uM ClI for the fast exchanging compartment or ECS; 3 = 10.5
uM ClI for the slow exchanging compartment or ICS. The rate constants
are: k., =0.011, k,. =1.000, k,, = 0.040, k

12 21 23 32 °
Fluxes are calculated as, flux = (rate constant)compartment size). The

0. 031 minutes-l.

mean wet weight of the tissues was 0. 35 +0. 02 grams (N = 24). The vol-
umes of water in the compartments are: 1 -5 ml, 2 = 0, 0391-,0. 001 ml,

and 3 = 0.24 +0. 01 ml.
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Figure 22
Model of the Shay Chloroleukemic Tumor Based on the Distribution

22
of Na
a. Mean Data from Experiments [ and III. The compartment

sizes are; 1 = 812,0 uM Na for the medium; 2 = 8.7 uM Na for the
fast exchanging compartment or the ECS; 3 = 18. 6 uM Na for the slow
exchanging compartment or the ICS. The rate constants are: k12 =
0. 005, k21 = 0. 416, k23 = 0.091, k32 =
are calculated as flux = (rate constant)}(compartment size). The mean

0. 043 minutes-l. Fluxes

wet weight of the tissue was 0. 46 +0. 02 grams (N = 18). The volume of
water in the compartments was: 1 =5 ml, 2 = 0. 061 +0. 003 ml and
3 =2 0.32 0. 01 ml.

b. Mean Data from Experiments I, II and III. The compartment
sizes are: = 811.1 uM Na for the medium; 2 - 10. 4 uM Na for the
fast exchanging compartment or the ECS; 3 = 17. 4 uM Na for the slow
exchanging compartment or the ICS. The rate constants are: k1 9 c
0. 005, k21 = 0.417, k23 = 0. 070, k32 z

are calculated as flux = (rate constant){compartment size). The mean

0.038 minutes ', Fluxes

wet weight of the tissue was 0. 47 +0. 01 grams (N = 27). The volume of
water in the compartments was: 1 = 5 ml, 2 = 0. 064 +0. 003 ml and

3 = 0.32 +0. 01 ml.
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Figure 23
Model of the Shay Chloroleukemic Tumor Based on the Distribution
of C14- Inulin. The extracellular space consists of two compart-
ments, 2 and 3, constituting about 14% (ml inulin water/g wet wt)

of the tissue; compartment 1 represents the external medium.
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APPENDIX
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I. Statistical Analysis

The following equation was used for calculating the standard error (SE)

of a mean: SE = S//N , where S = /$(Y - Y)*/N-1.

The student "'t" test was used to determine the significance of the differ-

ence between two means, where )
2

’ 2 2
SE1 +SE2

and the degrees of freedom = Nl +N2 -2,

¥, -V.
t = !
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II. Calculations and Equations

A, Extracellular Space (ECS) .
The ECS was calculated from the SBs-sulfate or Cl4-inulin uptake

data according to the following equation:

CPMeytract
ECS = cg r\;vlet wt mlwt:te‘ciltum
P edium g
ml medium
e.g. 593 CPM_ i rac t(5 ml dilution/0. 2 ml counted)

0.3524 g wet wt
ECS - 60256 cpm .

medium

0. 2 m{ medium counted

0. 140 ml medium/g wet wt,

B. Cell Water Content

m/! cell water
% cell water = 2 cells x 100

where ml cell water = ml water lost by tissue in drying - ml ECS,
14-inulin water/

g cells = g wet wt of tissue - ml ECS, and ml ECS = (ml C

g wet wt)(g wet wt).

C. Intracellular Ion Concentrations

The basic equation for calculating the intracellular concentration of

an ion was: . uM tissue extract uM.E cs
(ion), =
i ml cell water

The following are examples for each ion:
1. Sodium, for extraction by ashing,
0.50 uM Na/ml (5.2 ml)(10 m{/1 ml dilution) - 0.06 ml

(Na); = ECS (155 uM Na/ml medium)
0. 35 ml cell water
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= 47.7 uM Na/ml cell water or 47.7 mEq Na/liter cell water.

For acetic acid extraction, the 5.2 ml dilution factor was replaced by 5. 0 mi.
2. Potassium

0.40 uM K/ml (5.2 mi)25 ml/1 ml dilution) - 0. 05 mt

K). = ECS (7 uM K/ml medium)
( )i - 0. 45 ml cell water
= 114.8 uM K/ml cell water or 114. 8 mEq/liter cell water,
3. Chloride
0.75 uM Ci/ml (5 m{)(10 ml/2 ml dilution) - 0. 03 ml
). - ECS (160 uM C!/ml medium)
;-

0. 25 ml cell water

55. 8 uM Cl/ml cell water or 55. 8 mEq Cl/liter cell water.

D. The equations used to calculate the specific activity (s.a.) of an

isotope in the tissue, cells or in the medium were:

cpm
P extract
s.a ml extract tissue
* ™ tissue b uM, T uM,
ion ion
ml extract
cpm .
P hedium cpm .
—_— medium
3. a mi medium
" medium ~ uM, = uM,
ion ion
ml medium

The equilibration of the tissue with the medium was taken as:
% Equilibration = (s.a. tissue)/(s'a'medium) x 100.
Examples of these calculations are the following:

. Radioactive Sodium

s.a 18400 cpm(5 ml dilution/4 ml counted)
' tissue 0. 31 uM Na/ml (5 m1)}10 ml/1 ml dilution)
= 1484 cpm/uM Na
s.a _ 45350 cpm (25 ml/1 ml dilution)/4 ml counted
*“*medium ~

160 uM Na/ml medium
1771 cpm /uM Na
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Equilibration = (1484/1771) x 100 - 83. 8%.
2. Radioactive Chloride

s.a _ 540 cpm (5 ml dilution/0. 2 ml counted)
*“"tssue " 0.625uM Cl/ml (5 ml) (10 ml/2 ml dilution)

864 cpm /uM ClL

_ 32570 cpm/0. 2 ml counted
‘medium - 155 uM Cl/ml medium

= 1051 cpm/uM ClI
Equilibration = (864/1051) x 100 - 82.2%

S'a

chextract B chECS

cells uM Clextract - uM ClECS

S.a

1800 cpm (5 ml dilution/0. 2 ml counted) - 0.064 ml ECS
(32300 cpm . /0.2 ml counted)
medium

Se8-cells ~ .34 uM Cl/ml (5 ml dilution) - 0,064 ml ECS (10,7 uM Ci/

ml medium)

= 5763 cpm/uM Cl
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III. Theoretical Considerations

Proposed model of three compartments:

k2 ko3
AN
(1) (2) 3)
‘ e
X2 LY

where the numbers 1, 2 and 3 refer to the external medium, tissue ECS,
and ICS respectively, and k represents the rate constant for fluxes into or

out of each compartment, i.e. ki, =k .. = oo k) = kECS—,medium’

k)3 = kpcsosics® 29 K3 = Kosecs®
The following equations describe the change in specific activity (s.a.)

with time (ds.a. /dt = s.”a.) in each tissue compartment in the model:

S.8.prg = klz(s. a. 1) - k21(s.a. 2) - k23(s. a. 2)
L

S.a. Ics © k23(s.a. 2) k32(s.a. 3).
The specific activity of the medium remains essentially constant. The
kinetics of isotope distribution among the components of a three compart-
ment system can be solved by analog computation. The following is an
unpublished analysis provided by H. G. Hempling:
1) Q - klzP -kZIQ -R

R = k23Q - k32R

where P = external medium, Q = ECS, and R - ICS, in dimensions of cpm,
and k = rate constant in the dimension of reciprocal time. If P, the radio-
activity in the medium, remains constant because the compartment is so
much larger than Q or R, then at isotopic equilibrium (co):

2) P/p = (Q+R)/(q+r)or P = (Q+R) p
(q+r)

where p = medium compartment size, q = ECS compartment size, and r =
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ICS compartment size in dimensions of uM (micromoles). (Q ¢ R) was
scaled to be equivalent to the maximal output of the analog computer (EAI

TR20, Electronic Associates Inc.) of 10 volts. Then P was scaled as

P so that the scaled variables of P and (Q 4 R) are equal in volts
P
(q +1)
at @ . The original equation was; (.2 = k12P - k21Q -R
= ky3Q kgR

and the scaled equation is then;

3)
o ] .
[Q]= l<12 (qex) »p B kZI[Q] ) LR]
LM*ﬂJ
[R) = k,5[Q1 - Ky, (R] .
If we use as the scaled variable not radioactivity, but specific activity,

normalized to the total content of the tissue (q ¢ r), we can divide both

sides of both equations by (q + r).

n [ 6 ]. P o Lo 7.2 7T
@ o klZ‘”“*”’Ep/(qor)(qn] kml_(q*r)_[ ,}qm‘,
L.
R Q R
(qor_)J = K3 (qe )] ~ k32 (q + 1)

Scaling is completed by the insertion of B (Beta) into the denominator of
all terms in order to convert machine time ¢P") to real time (t) according to
the equation: P = Bt.

The circuit diagram for this analog program is shown in figure II. Table
IV defines the potentiometers and lists the amplifier outputs. Note that

amplifier 6 gives Q . R . Q + R or the specific activity
(Q¢r)  (qer) (qe+71)
of the tissue as a function of time. The_gutput from this amplifier was used

to fit the computer solution to the experimental data.
The selection of a scale factor for P such that this compartment would

equal (Q 4 R) at 90 made easier the task of fitting the machine solution to the
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experimental data to arrive at values for the rate constants and fluxes.

Consider that at equilibrium, [(.2] and[l‘ﬂ = 0, then:

5)
p [P 7
k12 (q# 1) l p J = kZIr-Q-J' and

(q+ )

l'p
P P

k12 (Q ¢+ r) L(q + 1)

K = (Q]

21
(since [R] = 0 = k,,[Q] - Ky, [R}, and k,,(Q) = k;,(R] ) then,

6)

) k
23
% [Q]:-[x.
k32
The total radioactivity, T, properly scaled, is defined as

8) [Q1+(R] = T. k, '
Since from equation (7), LR] = 4 [Q], then
32

9)
[Q] = T, factor out [Q], to give

Q)+ k23

Q1+ 1?3 -T.
32
Substitution of the value of [Q] from equation (6) in equation (10) gives,

11) k

10)

i
12 (q + 1) P 'l k23
. 1 + i = T.
21 P 32
(g +1)
Since the scaling was arranged tohave [Q} + [R] = T
X X (q 1)

12) T 12 3v7) 23
P

- - 9
] ka1 k3g
D

P -

and
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kza‘l k1
13) |1 « . i
32 J 122
(q+1)

This relation, by defining the constraints on the rate constants, simplifies
the selection of the proper rate constants for fitting the machine solution
to the experimental data.

From amplifiers 2 and 4 of the computer, the fraction of total chloride,
for example, in compartments q and r were obtained. From amplifier 4,
Q/(q % r), was gotten. Since at equilibrium, the following relationship holds:
14) Q/q = (Q +R)/(q ¢+ ), and Q = (q)(Q + R)/(q 4 r), then divide through
by (q + r) to get,
15) Q/(a+r) =z (Q #R)/(q +r) (q)/(q*+ 1) .

Since (Q ¢+ R)/(q * r) equals the s, a. of the total tissue, when normalized to
the value of 1, the equation becomes,

16) Q/(q +r) = q/(q + ).

Therefore, amplifier 4 is equivalent to q/(q + r) or the fraction of the tissue
chloride in compartment q, which is the ECS. In the same manner, from
amplifier 2, R/(q ¢ r) was obtained. The fraction of the tissue chloride in

compartment r, the ICS, is equivalent to R/(q + r) which is equal to r/(q ¢ 1).
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Table I. Solutions and Mixtures Used for Embedding Tissues for Electron

Microscopy.

Solutions: 2, 5% glutaraldehyde in 0. 1M cacodylate
1% osmium tetroxide in 0. 1M cacodylate
0. 25% uranyl acetate in 0. 1M acetate buffer
Fixation Mixture: 1 part glutaraldehyde solution to 2 parts osmium tetrox-
ide solution at pH 7. 4
Epon Mixture A: 62 ml of Epon 812 plus 100 ml of DDSA (dodecenyl succinic
anhydride
Epon Mixture B: 100 ml of Epon 812 plus 82 ml of MNA (methyl nadic anhydride)
Complete Resin Mixture: 5 ml of Epon Mixture A, plus 5 ml of Epon Mixture
B, plus 1 ml of DMP-30 (2,4, 6-tri-dimethylamino -
methylphenol)
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Table II. Preparation of Ringer Solutions

A. Volumes of Salt Solutions

Ringer NaCl KCl Na,50, K504
Normal 9 grams 40 ml of 0. 154M - -
20mMK 145 ml of IM 20 ml of 1M - -
80mMK 85Smlof(M 80mlofIM - -
120mM K 45ml of IM 120 ml of IM - -

Sulfate - 40 ml of 0.154M 860 ml of 0.13M -

K -Sulfate - - 400 ml of 0.14M 500 ml of 0. 14M

In addition to the ingredients listed above, all solutions contained 1 ml of 1M
CaClz, 85 ml of 0.11M NafiPO4. 15 ml of 0.11M NaH2
to 1 liter. The pH was 7.4 and the osmolarity was 310-320 mOsm/liter.

PO 4 and were brought

B. Concentrations of Major Ions (in mEq/liter)
Ringer Na K Ct
Normal 180 7 160
20 mMK 165 20 160
80 mMK 105 80 160
120mM K 65 120 160
Suifate 244 7 7

K-Sulfate 132 140 0
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Table IIl. Dilutions for Measuring Sodium and Potassium Concentrations

in the Ringer Solutions.

Solution Na Analzsis K Analzsis

Normal (5.2ml/0,. 2mlX10ml/1ml) (10ml/1ml!) including 2 ml of 250
ppm Li

20mMK (5.2m!/0.2ml)X10ml/Iml) (25mi/1ml) including 5 ml of 250
ppm Li

80 mM K (5.2ml/0.2ml)}10ml/2ml) (10ml/1mi)}10ml/1ml) including
2 ml of 250 ppm Li

120 mM K (5.2ml/0.2mi)10ml/2ml) (10ml/1ml)25m!/1ml) including
all including 2 ml of 1250 S ml of 250 ppm Li
ppm Li



XII 131

Table IV. Definition of the Potentiometers and the Amplifier Outputs for

the Analog Computer Program.

Potentiometer Amplifier
1 k,,p/B(q ¢ 1) 1 - Q/(q ¢r)
2 k,,/B 2 R/(q + 1)
3 k,./B 3 -R/(q + 1)
4 ky,/B 4 Q/(q + 1)
5 ~R/(q ¢+ 1)

6 (Q -R)/(q + 1)
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Figure I

Schematic Diagram of the Electrical Recording Set-Up.



Electrometer

Faraday Cage

INPUT
Preamplifier

Ag WIRE
AGAR BRIDGE
MICROELE
— J/ :nssus
L_E:.:—:,_, =] ‘
AGAR BR'DGE-’l PARAFFIN CHAMBER
LEAD BRICK
Ag wms/

GROUND

Oscilioscope

1391



134

Figure II

Circuit Diagram for the Analog Computer Program.
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