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Summary. This study establishes a method for determining the
concentration of Na and K in single red blood cells from electron
probe microanalysis of a cell’s Na and K content. To this end,
red blood cells were separated into subpopulations according to
their buoyant density by means of bovine serum density gradient
centrifugation. Cell water and Na + K contents were then deter-
mined in each fraction by conventional analytic methods with
cell volume estimated from measurements of hematocrits and
cell number. It was found that an inverse relationship obtains
between the mean cell volume and buoyant cell density since
cells increased in size as density decreased. Although the
amount of hemoglobin per cell was found to slightly increase as
cell density decreased, hemoglobin concentration showed the
inverse relationship, indicating that buoyant cell density differ-
ences are primarily the result of differences in hemoglobin con-
centration. In confirmation of Funder and Wieth (Funder, J.,
Wieth, J.O. 1966. Scand. J. Lab. Invest. 18:167-180) cell water
and cell volume was found to vary directly with the summed
content of Na + K. Finally, by means of electron probe micro-
analysis of single cells, the cellular concentration of hemoglobin
was found to vary inversely with the Na + K content, providing
a quantitative basis for directly estimating cell volume, and thus
ionic concentration, with this technique.
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Introduction

The value of studying single red blood cells by elec-
tron probe microanalysis can be much improved by
knowing the relationship between element content
and cell water. This is because, where microanaly-
sis provides an estimate of the amount of different
elements present per cell, such as Na and K, the
“conversion of these values to concentrations re-
quires a measure of cell volume. It has previously
been suggested that the cellular sum of Na + K
represents the primary determinant of cell water
and therefore cell volume (Tosteson & Hoffman,
1960). Control of the cellular content of Na + K is a

consequence of, and brought about by, the Na/K
pump operating to offset any changes that occur by
passive diffusion. Funder and Wieth (1966) found a
direct correlation between the Na + K content and
cell water both in red cell samples analyzed from
different donors and in red cells separated by their
density after centrifugation. In addition, there are a
number of studies that indicate that the relative
buoyant density of mammalian red cells is a func-
tion of their cation and water contents (¢f. Keitel,
Berman, Jones & Maclachian, 1955; Chalfin, 1956;
Bernstein, 1959; Borun, 1963). If this is true then the
variation in cell density should parallel changes in
cell water, and hence volume, in a predictable man-
ner. However, Leif and Vinograd (1964) found that
the buoyant density of red cells separated after cen-
trifugation in bovine serum albumin (BSA) gradi-
ents did not change as a result of changes in cell
water. To clarify this situation we have reinvestiga-
ted the relationship between buoyant cell density,
cell water, and the cell content of Na + K in BSA
gradients in order to establish a dependable and
quantitative basis for the conversion of the cellular
content to concentration of elements determined by
electron probe analysis of single red blood cells.

Materials and Methods

PREPARATION OF CELLS

Normal human blood (40 ml) was withdrawn by venipuncture
into syringes containing sodium heparin (4 units, Upjohn). The
blood was divided equally into two round-bottom polycarbonate
tubes (50 ml) and spun for 5 min at 1500 X g in a refrigerated
centrifuge (4°C, Sorvall RC-2B). After the plasma and white cells
had been removed, the packed red cells were resuspended in 25
ml ice-cold (4°C) NaCl solution (155 mMm) by covering the tubes
with Parafilm® and gently inverting the tube several times. The



120

suspension was then centrifuged as before, repeating this wash-
ing procedure three times. These packed cells were used in the
bovine serum albumin density gradient centrifugation separa-
tions as indicated below.

PREPARATION OF BOVINE SERUM ALBUMIN (BSA)

BSA solutions for forming density gradients were prepared by a
procedure similar to that described by Leif and Vinograd (1964).
BSA powder (Sigma, Fraction V, 18 g) was added to 200 g of
distilled water with 50 g of Amberlite MB-3 resin (Mallinckrodt)
in a 1000-ml beaker. This was placed in a cold room (4°C) and
stirred overnight with a magnetic stirring bar to achieve complete
solution of the BSA.

The solution was decanted from the resin into several poly-
carbonate tubes (50 mli) and centrifuged at 20,000 X g for 1 hr
{Sorvall RC-2B, 4°C). The clear BSA solutions were pooled. The
salt concentration was adjusted by the addition of each 100 g of
the deionized BSA solution of the following amounts of salt:
Na,CO; (0.2391 g), NaCl1(0.303 g), MeCl, - 6 H,0 (0.1124 g), KCI
(0.0296 g). The density of the resultant solution (33% wt/wt) was
1.105 g/ml. The pH was adjusted to 7.4 with NaHCO,. A dilute
BSA solution (22% wt/wt) was prepared by adding 33 g of a salt
solution of the following composition to 67 g of the dense BSA
solution (33% wt/wt): NaCl (7.472 g), MgCl, -6 H,O (1.677 g) and
KCI (0.427 g) in 1000 ml solution.

PREPARATION OF DENSITY GRADIENT
AND FRACTIONATION

The deasity gradient was prepared by mixing 33 and 22% BSA
solutions of 1.105 and 1.075 specific gravities carried out by
means of an automatic gradient maker (ISCO, Model 579).

One ml of packed red cells was mixed with 19 ml of dense
BSA (33%); this together with an equal volume of light BSA
(22%) was used to form a linear gradient. Generally two to four
50-ml gradient tubes were prepared in a cold room at 4°C. The
tubes containing the gradient were placed in a swinging bucket
rotor (Sorvall H-B) and centrifuged at 4°C for 1 hr at 20,000 X g.
This was found to be sufficient to bring the cells into density
equilibrium within the albumin gradient. The density column was
then fractionated into 12 parts with the aid of a fraction unloader
(Buchler Auto Densi-Flow II). Specific gravities of the fractions
were determined by weighing a volume of each fraction and com-
paring its weight with that of an equal volume of water in the
same 500 ul Carlsberg pipette. Centrifugation and weighing was
done on the separated fractions stored at 4°C.

CELLULAR VOLUME ESTIMATED
BY CoULTER COUNTER

In a repetition of the experiments performed by Leif and Vino-
grad (1964) samples of red cells from different buoyant density
fractions were diluted with Isoton (modified Eagle’s solution ob-
tained from Coulter Elecironics) to between 20,000 to 40,000
cells per 0.5 ml solution and the distributions of cell volume in
the population was plotted by utilizing a 100-channel analyzer
(Coulter Electronics, Model ZB!). The mean cell volume of the
sampled population was computed by integrating the area of the
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plotted distribution of cell size. Calibration of the analyzer was
carried out by using (a) red cells of known mean volume, deter-
mined by the hematocrit/cell number method was described be-
low and (b) latex particles of known size.

DETERMINATION OF VOLUME
BY HEMATOGCRIT METHOD

This method involves measurement of the hematocrit of a cell
suspension and determining the proportionate number of cells in
that suspension by electronic counting. Even though the accu-
racy of volume sizing by an electronic counter (Coulter Electron-
ics) may be questionable, the counting accuracy appears to be
reliable. The mean cell volume is obtained by dividing the hemat-
ocrit value by the cell count. Hematocrit measurements were
carried out in 22% BSA solution or in MgCl, (120 mM) containing
10% glycyglycine buffer (3.4 g MgCO;, 5.1 g glycyglycine in 100
ml H;O, pH 7.4). When the hematocrit was determined with cells
suspended in the MgCl, solution, the suspensions were loaded
into microhematocrit tubes (ID 1.1-1.2 mm, length 75 mm, Clay-
Adams), sealed by Seal-Ease (Clay-Adams) at one end and cen-
trifuged for 10 min at 10,000 rpm in a microcentrifuge (Clay-
Adams).

To measure the hematocrit of cells suspended in 22% BSA a
computed volume of diluting salt solution (see above composi-
tion) was added to dilute the BSA in each denser BSA fraction to
22%. This suspension after appropriate dilution was centrifuged
at 10,000 rpm for 5 min, the supernatant solution removed, and
the remaining cells were resuspended in 22% BSA to give a final
hematocrit of approximately 30-50%, determined, as before,
with microhematocrits.

An aliquot of ?NaCl (5 ul) was added to each suspension in
order to obtain a measure of the volume of extracellular medium
trapped in the packed cell column. The cell suspensions were
carefully loaded into microhematocrit tubes (1.0 mm OD, length
32 mm, Clay-Adams) and sealed at one end with Seal-Ease
(Clay-Adams). These tubes were then fitted into larger microhe-
matocrit tubes (1.1 mm ID, length 75 mm) and centrifuged for 2
hr at 10,000 rpm in a cold room (4°C). Hematocrit readings were
performed with the aid of a precision clipper, and the packed cell
column of the hematocrit was corrected for trapped volume by
measuring the radioactivity of ¥Na in the packed cells and that in
a known volume of the suspending albumin solution. To obtain
the radioactivity of ??Na in the packed cell column, the glass tube
was cut after the length of the column had been measured. Then
the cut tube section with its packed cells were placed into 10-mli
counting tubes containing 5 mi of distilled water. These were
counted simultaneously with samples from the supernatant al-
bumin solution that was obtained by centrifuging the remaining
cell suspension. Aliquots of 10 ul of these supernatant solutions
were added to 5 ml of distilled water and measured for #Na in an
autogamma scintillation counter. The mean trapped medium vol-
ume was found to be 8.7 + 0.19% (seMm, n = 10).

CeLL HEMOGLOBIN DETERMINATION

Hemoglobin measurements were carried out by diluting a portion
of each separated density fraction with Drabkin’s reagent and
measuring the absorbance at 540 nM. The mean cell hemoglobin
content was obtained from the measurement of the hemoglobin
concentration and cell number for the cells contained in each
separated fraction.
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Na AND K DETERMINATION

Sodium and K concentrations were measured in cells washed
free of BSA and external Na and K with the MgCl, solution (see
above). After the densities of the BSA fractions had been deter-
mined the cells were washed 4 X with ice-cold 120 mm MgCh
(10% glycylglycine buffer, pH 7.4) by repeated centrifugation
and resuspension. The hematocrit, hemoglobin content, and cell
count of these suspensions were determined. At the same time 50
or 100 ul of each of these suspensions were added to a solution of
15 mM Li solution (final concentration, internal standard) and
used to determine K and Na content by means of a flame pho-
tometer.

DETERMINATION OF CELL WATER

Cell water was determined from wet and dry weight measure-
ment of packed cells. After the BSA had been removed from
each separated density fraction by repeated washing in 120 mm
MgCl,, the cell suspensions were transferred to polyethylene
microcentrifuge tubes (0.5 ml volume) and centrifuged in a cold
room (4°C) for 30 min at 10,000 rpm in a microcentrifuge (Beck-
man Instruments Co.). The supernatant solution and part of the
top layer cells were removed by aspiration. The remaining
packed cells were used for determination of wet and dry weights
as well as K and Na content. An aliquot of the packed cells
(about 100 ul) was weighed in a small boat made of aluminum foil
and dried in an oven at 105°C to constant weight.

ELECTRON PROBE MICROANALYSIS
orF K, Na aND Fe

Fresh human red cells were used for these determinations. The
washing procedure was the same as described previously except
that the medium used contained sucrose instead of NaCl. This
sucrose medium contained (in mM): 285, sucrose; 10, MgCly; 5,
Tris-HC1 (pH = 7.4). Cells were suspended in this medium to
approximately 10% hematocrit and smeared onto pyrolytic
graphite discs preheated to 70°C on a hot plate. Smearing was
carried out by holding the disc against a rotating cotton swab,
which had previously been dipped into the cell suspension. The
swab was rotated at 100 rpm with a motor-driven hand drill. The
sample was returned to the hot plate (70°C) for 5 min to allow
complete sample drying and was stored in a vacuum desiccator
until analysis. On the average, the dried cells were separated on
the disc by at least one cell diameter, which minimized contami-
nation from neighboring cells.

An electron probe (ETEC Corporation, Autoscan)
equipped with two adjustable wavelength spectrometers was
used to analyze individual cells. The cells were analyzed using 15
KV accelerating voltage and 200 nA beam current and an 8 X 12
wm raster. Calibration curves were established by measuring
mean internal Na and K concentrations using flame photometry
and X-ray microanalysis. The details of the procedures used
have been previously described by Kirk, Crenshaw and Tosteson
(1974).

Results

Leif and Vinograd (1964) separated red blood cells
according to their buoyant density and found that
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the mean cell volumes of cells in the less dense
fractions were relatively constant and did not
change with change in density. We could repeat the
observations (Fig. 1, inset) of Leif and Vinograd
(1964) when we reproduced their conditions and
used their methods which involved BSA density
gradient centrifugation and determination of cell
volumes with a Coulter counter. We found as they
did that the measured values of cellular volume (V)
and density (o) deviated from those predicted by
their equation,

V= [(O- - O-o)f(o-w - O-)]Vo + Vo (1)

where o, and V, are the original cell density and
volume, respectively, and o, is the density of water.
This equation assumes that the change in volume
and therefore density is the sole result of variations
in cell water content. Leif and Vinogard (1964)
found, at both high as well as at low values of den-
sity, discrepancies between the experimental and
theoretical volumes as shown in Fig. 1, inset. Be-
cause hemoglobin content per cell was also said to
be the same for the whole population, these results,
if correct, raise the problem of what the physical
determinants of cell density are, since they do not
seem to be due to differences in cell water.

This apparent paradox is resolved when the esti-
mate of cell volume is assessed by employing meth-
ods different than used by Lief and Vinograd (1964).
By determining the cellular volume from the hemat-
ocrit/cell number method instead of the Coulter
counter method, we found (Fig. 14) that the vol-
ume-buoyant density relationship of red cells ex-
hibits, unlike the inset data (see Fig. 1B, a reasona-
bly good fit to the theoretical line (Eq. 1) as shown
in Fig. 1C. For the results presented in Fig. 14, the
buoyant density of the red cells was measured in
BSA solutions while the determination of mean cell
volume, by the hematocrit/cell number method, was
carried out in the buffered 120 mm MgCl, solution.
The volumes the cells assume in the latter solutions
may not necessarily be the same as the volumes
these cells had when they were in the BSA gradient
in which the buoyant density was measured. To ex-
amine the possible errors arising from the use of
these two different solutions we have had to adopt a
compromise situation in order to evaluate density
and volume relationships in suspending media of
nearly the same composition. This is because it is
not possible to measure cell volumes by the hemato-
crit technique when the cells are in an isodense
BSA solution, since the cells cannot be packed by
centrifugation. Therefore, the BSA concentration in
each different buoyant density fraction, which
ranged from 33 to 25% was adjusted to 22% BSA
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before the hematocrit determination. This 22% BSA
concentration is low enough to permit sedimenta-
tion of cells and high enough to approximate the
concentration of BSA in the original fractions. Cel-
lular volumes were also determined by suspending
the cells (at 50-60% hematocrit) from each fraction
in 120 mMm MgCl, solutions and measuring the hemat-
ocrit and the cell number as described in Materials
and Methods. In both cases the volume changes
follow the density variations as shown in Fig. 1.
These results indicate that the volume determina-
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Fig. 1. (A): The relationship between buoyant density and vol-
ume in human red blood cells. Cells of different densities were
obtained by bovine serum albumin (BSA) density gradient cen-
trifugation. Each point represents the mean value for ali the cells
that appear in each separated fraction. Densities of the cells were
determined by weighing 500 ul of the fractions and comparing it
with the weight of an equal volume of distilled water at the same
temperature. The mean cellular volume of the cells in each frac-
tion was determined by the hematocrit/cell number method, after
having removed the cells from their original BSA solution in the
fraction and resuspending them in either 22% BSA (O, @) or in
120 mm MgCl, solution (A, X, W, ¥), as described in Materials
and Methods. The theoretical line was calculated from Eq. (1)
based on the assumption that changes in density are due to
changes in water. The inset shows the original results (their Fig.
8) reported in Leif and Vinograd (1964), where cell volumes were
obtained from electronic sizing with a Coulter counter. The theo-
retical line for the data of Leif and Vinograd (1964) shown in the
inset is the one going from the top of the bottom of the graph
passing through only one point. (B and C): The data in A have
been replotted according to the relation V = af3, which'is ob-
tained by rearrangement of Eq. (1), where a = V, (o, — 1) and
= 1/(o — 1). If this relation holds then the data should conform to
a simple linear regression through the origin. (B): The inset data
of Leif and Vinograd (1964) has been replotted yielding an inter-
cept on the ordinate of 69.7 + 5.7 (SEM), significantly different
from zero. (C): This graph is a replot of our data presented in A.
The best fit yields an intercept on the ordinate of —4.5 = 13
(seM), which is not on Eq. (1)

tions in the BSA and MgCl, solutions agree well
with values predicted by Eq. (1).

To further evaluate the effect of BSA onred cell
volume as well as K and Na composition, we have
exposed cells for 4 hr at 4°C to 22 and 33% BSA,
which are the two limiting BSA solutions used for
preparing the density gradients. Because, as men-
tioned before, direct assessment of cell volume is
hampered by inaccuracies of measurement of the
hematocrit in BSA solutions, the cells were resus-
pended in MgCl, before cell volume was determined
as is described in the legend to the Table. Thus the
Table shows that the relative cell volume is not ap-
preciably affected by exposure to the different solu-
tions and that the Na and K content did not change.
In addition, we have also examined the cells from
the pooled fractions of the density gradient and like-
wise found that exposure on the gradient did not
appreciably alter the cation composition and cellu-
lar volume as evaluated after resuspension in

The theoretical prediction of cellular volume
changes by Eq. (1) assumes that the hemoglobin
content per cell (mean corpuscular hemoglobin) re-
mains constant for the cells contained in the various
density fractions. However, the results shown in
Fig. 2 indicate that a small systematic variation in
hemoglobin content does occur. The cells with
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Table. Cell volume and K and Na content of human red blood
cells exposed to bovine serum albumin (BSA)

Samples Volume Na K Na + K
(um)? (101% moles/cell)

0.9% NaCl 93.3 9.3 85.9 95.3
+3.4(6) +.4(6) 546  =7.006)

22% BSA 9.7 8.6 86.3 94.9
+2.9(6) +.9(6) +6.6(6) *7.1(6)

33% BSA 93.1 8.6 84.5 93.1
+3.0(6) +1.0(6) +8.4(6) +8.7(6)

Pooled 93.0 8.8 86.0 94.9
+3.2(6) +.6(6) £58(6)  6.4(6)

One ml of packed human réd cells was mixed with 19 ml of either
0.9% NaCl, 22% BSA, or 33% BSA media. The suspensions
were kept at 4°C for 4 hr before the cells were centrifuged and
washed four times with 120 mm MgCl, (buffered with glycylgly-
cine, pH = 7.4). Mean volumes of the cells were determined by
measuring the hematocrit and cell number of the final suspension
in MgCl,, and K and Na were measured by flame photometry.
The samples denoted ‘‘pooled” indicate that these cells have
been processed through the BSA density gradient centrifugation
and separation procedure and then mixed together before analy-
sis. The results represent the mean values of six experiments
*(sD).

lower densities tend to have higher hemoglobin con-
tent. This increment in the amount of hemoglobin
per cell will tend to increase the cellular density if
volume remains constant. However, the cells with
larger amounts of hemoglobin were found to have
lower densities, apparently due to the larger volume
of water present in these lower density cells. This is
shown in Fig. 3 where the concentration (MCHC)
rather than the amount of hemoglobin per cell has
been plotted as a function of the density. Compari-
son of Figs. 2 and 3 indicate that relative cell den-
sity is due more to variations in water content than
to the amount of hemoglobin present in any normal
population of red cells. This underlies the inverse
relationship that exists between cell volume and
buoyant cell density (Fig. 1).

The foregoing discussion then emphasizes the
basic role water content has in determining cell vol-
ume and density. Since it is known that human red
cells are in osmotic equilibrium with their environ-
ment, that essentially all of the cell water is avail-
able for the solution of ions such as K and Cl and
that Na and K are the principal cations within the
cell (see Dunham & Hoffman, 1978), it could be
expected that the water content would be a direct
function of the cell’s Na + K content (Tosteson &
Hoffman, 1960; Funder & Wieth, 1966). Evidence
has previously been presented that a cell’s Na + K
content, and therefore its volume, is regulated by
the balance between the active transport and pas-
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Fig. 2. The relation between the hemoglobin content (mean cor-
puscular hemoglobin, MCH), in 10712 g/cell, and buoyant cell
density. Each symbol represents the results obtained from differ-
ent experiments. Each point represents the mean value calcu-
lated from analysis of all the cells in each separated buoyant
density fraction

sive diffusion of Na and K across its membrane
(Tosteson & Hoffman, 1960). In addition, Funder
and Wieth (1966) found that there was a direct rela-
tionship between the Na + K and water contents of
red cells obtained from 128 different donors. Fun-
der and Wieth (1966) also showed that this relation-
ship held for a packed column of red cells separated
into upper and lower halves following centrifuga-
tion. The results presented in Fig. 44 and B extend
these latter observations and show that under our
conditions for cells separated from the different
BSA density fractions, that Na + K content is di-
rectly correlated with cell water (44) and cell vol-
ume (4B). These relationships not only help to es-
tablish the basis for the density differences among
cells as already discussed, but, important for the
purposes of this paper, also provide an index for
cell water for the computation of concentration
from measurements of Na + K content.

The relationship between hemoglobin and Na +
K in single red cells can be determined by means of
electron probe microanalysis. The Fe content in a
single cell may be used as an index of the hemoglo-
bin content since essentially all of the Fe present in
normal cells is contained in hemoglobin (Noyes et
al., 1964; Ganzoni, 1969). Random analysis of single
cells in a whole population shows (Fig. 5A4) that Fe
content increases slightly with Na + K content, con-
sistent with the results shown in Fig. 2. On the other
hand, since, as shown in Fig. 44, Na + K content is
proportional to water content, the data presented in
Fig. 5A have been replotted (Fig. 5B), indicating
that the quantity Fe/(Na + K) decreases with in-
creasing Na + K content of single cells. Since in
this situation the ratio, Fe/(Na + K), represents the
relative concentration of hemoglobin (Kirk, Bron-
ner, Barba & Tosteson, 1978), these results are con-



124

sistent with those reported before (Fig. 3) where
hemoglobin concentration in cells obtained from the
separated BSA fractions was found to vary directly
with cell density. Note that the upper abscissa in
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Figs. 5A and B are expressed in terms of cell vol-
ume. This is possible because of the relation be-
tween Na + K content and cell water as discussed
before in connection with the data presented in
Figs. 4A and B.

Discussion

The main objective of this work was to find a basis
for converting content to concentration in single red
blood cells, of different elements (e.g., Na, K, Fe)
determined by the electron probe microanalytic
technique. Our approach made use of the variations
in buoyant cell density that can be predicted from
changes in cell volume based solely on changes in
cell water and Na + K content. Since density is
defined by the mass-to-volume ratio and since the
major components that contribute to mass and vol-
ume in a red cell are hemoglobin and water, i.e. Na
+ K content, any change in either parameter will
result in a density change. The amount of hemoglo-
bin per cell was found to be slightly higher the less
dense the cells (Fig. 2). However, the hemoglobin
concentration is lower in these less dense cells be-
cause of the larger amount of cellular water (Fig. 3).
Therefore, the density is not the result of changes in
the cellular content of hemoglobin since the denser
cells have less hemoglobin, whereas the less dense
cells have more. The increase in hemoglobin content
could, because it would increase the intracellular
net negative charge, increase the Na + K content in

1o
mE 100 |~
3
¢ 90
)
-
o
>
", 80
-l
w -
O
X
70 b %
[ N S l L |
6 7 8 9 10 ¥ 12
B

(K+Na) CONTENT PER CELL ( 107'® mole)

Fig. 4. (A): Relationship between the cell water (mg/kg dry wt) and the Na + K content (mmol/kg dry wt). Each symbol represents the
results from different experiments, and each point represents the mean value of cells obtained from each density fraction. Na and K
were measured by flame photometry and the cell water was determined from wet wt/dry wt of packed cells obtained from each density
fraction. The regression equation for the results presented here is y = 4.25x + 552. The correlation coefficient, r = 0.901. (B):
Relationship between cell volume and Na + K content in cell. The cell volume was determined from the hematocrit and the number of
cells in each fraction. The Na + K content per cell was determined from flame photometric measurements. The regression equation for
the results presented here is y = 5.8x + 38.3. The correlation coefficient, r = 0.964
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order to maintain ¢lectroneutrality. If this occurred,
it would cause an increase in water content with an
overall effect of reducing the cell density. It should
be emphasized that hemoglobin is not the sole deter-
minant of the Na + K content in red blood cells. If
this were so, cell water content would vary in direct
proportion to the hemoglobin content and the mean
corpuscular hemoglobin concentration would be ex-
pected to change in the opposite direction to that
seen in Fig. 5B. It is obvious that other factors such
as the pump-leak relationship of the cell must be
critical in regulating the relative amounts of Na and
K and therefore cell water (Tosteson & Hoffman,
1960). From electron probe analysis of Fe content
(Fig. SA) it is clear that the variation of hemoglobin
content from cell to cell can be almost twofold. This
is indicative of the type of adjustments that the
pump and leak components of the membrane have
to make in order to control cell volume. However, it
is not clear to what extent variations in pump, leak
and/or area, volume parameters contribute in defin-
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ing the distribution of the different equilibrium
states in a population of cells. It would also be of
interest to know the range of variation in red cell
volume present in each of separated BSA density
fractions, but this requires further work.

While the increase in density of red biood cells
with age has been well documented (Hoffman 1958;
Bernstein, 1959; Borun, 1963; Leif & Vinograd,
1964; Bishop & Prentice, 1967) there has been dis-
agreement as to whether cation content or water
content was the main determinant for the density
change. Bernstein (1959) and Borun (1963) found
that the cation and water content of cells decreased
as the relative density increased and suggested that
cell water variation was the reason for the density
change. However, Leif and Vinograd (1964) sepa-
rated human red blood cells in BSA gradient and
found that the volume variation in the different den-
sity fractions was too small to account for the ob-
served density changes. Coppersmith and Ingram
(1968) also found it difficult to explain the variation

VOLUME (xm®)

60 80 100 120 140
—
T Y T T T
30|
.24 -
TIK)
o 22
- e 362 ee @2
2 .18k 22 @ 202
"y 42005302
v ® 3299755 3
=z e 322325482228
~ ® ® 3624343 52 e
& 3 2 2622000 ©
2 eze @
¢ o o
.06 L
o ! | I L R
B 0 4 8 12 16 20

K+No (x 1075 moles)

Fig. 5. Relationship between Fe content and the amounts of Na + K in randomly selected single human red cells measured by electron
probe microanalysis. The relationship between Fe content and Na + K content is shown in A. In B, the quantity, Fe/(Na + K), which is
equijvalent to hemoglobin concentration, is plotted against Na + K content. Note that the cell volume is given on the upper abscissa in
each graph. Each point represents the analyzed values of Fe, Na and K for a single cell. When two or more cells have the same value,
the number of cells located at a given point is indicated by a number instead of a black dot. The cell Fe, Na and K contents were
obtained from the intensity of the X-ray signals from individual cells. The calibration of the Fe X-ray signal was done by comparing the
mean X-ray signal with the mean Fe content computed from the mean cell hemoglobin measured spectrophotometrically (each g of
hemoglobin contains 3.34 mg of Fe). The calibrations of the Na and K X-ray signals were done by comparing the cell Na and K contents
determined by flame photometry and the X-ray intensities. This method of calibration is possible since it has previously been shown
that there is a linear relationship between X-ray intensity and cellular elemental content in red blood cells (Roinel & Passow, 1974; Kirk
et al., 1978). The volume scale was obtained by converting the Na + K values shown on the abscissa to the equivalent values in volume
by using the linear relationship between the volume and the Na + K content established in Fig. 4B. Thus, the equation used for the
conversion was: cell volume = 5.8 (Na + K) + 38.3, where the units for cell volume is um? and for cell content of Na + K is 10~ mole.
The regression equation for the results presented in A and B are Fe = 0.0524 (K + Na} + 1.1138 and Fe/(K + Na) = —0.0096 (K + Na)
+ 0.2598, respectively. The corresponding correlation coefficients are 0.473 and 0.680



126

in density of young and old dog red cells by changes
in water content. However, Leif and Vinograd
(1964) and Coppersmith and Ingram (1968) used
electronic sizing to estimate cell volume that for
reasons already discussed were inadequate and mis-
leading. Our measurements of cell volume by
means of the hematocrit/cell number method show
that the density behavior of the red cells is com-
pletely predictable from water content.

However, it should be kept in mind that cell
separation in a density gradient may also result
from factors other than simple density differences,
such as pH and ionic gradients. The pH and ionic
gradients in a BSA density gradient arise because of
the low pK values (4.7) of the BSA solution. At
neutral pH, the pH at which the gradients are nor-
mally made, the BSA molecules bear net negative
charges. Since the BSA density gradient is prepared
by mixing two BSA solutions of two different limit-
ing concentrations (33% vs. 25%) in various propor-
tions, the concentrations of BSA in different den-
sity fractions are not the same. This gives rise to a
fixed charge gradient of external impermeant anions
that results in a chloride gradient in the various
BSA density fractions and that presumably would
have its consequences in altering relative cell vol-
ume by forcing adjustments in the Donnan equilib-
rium ratios (that is, internal to external chloride
concentration) along the gradient. With these types
of gradients, the cells in the top fractions (with less
concentrated BSA and a higher Donnan ratio) can
be expected to be swollen compared to the cells in
the bottom fractions (with more concentrated BSA
and a lower Donnan ratio), which would be
shrunken relative to the mean cell volume if the
BSA or chloride gradient was uniform. This effect
will cause some of the cells to change their density
and shift from their original isodensity location to a
new location. From the results shown in the Table,
it is clear that if these shifts do occur they are not
detectable in terms of altering cell volume or cation
content. This conclusion is also supported by the
single cell analysis where the inverse relation be-
tween hemoglobin concentration and Na + K
content was found (Fig. 5B) in the absence of a
gradient,
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