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The volume of distribution of radiosulfate is as-
sumed by some investigators to be a measure of
extracellular fluid volume in the whole body and
in tissues (1, 2). Radiosulfate is apparently
distributed into the same portion of body fluids as
are mannitol and thiosulfate (3), but is more
suitable in this measurement in that correction
need not be made for changing plasma blank as
in the case of mannitol, and errors in extrapolation
for slow disappearance of radiosulfate from extra-
cellular fluid are less than in the cases of the more
rapidly disappearing thiosulfate and mannitol. A
disadvantage is that the distribution of the sulfate
ion across capillary and cell membranes (with the
exception of the erythrocyte membrane in certain
species) is not known.

In calculating the volume of distribution of
radiosulfate it has been assumed that the concen-
tration of sulfate in the water of plasma is only
90 per cent of that in an ultrafiltrate of plasma
(1, 3). This ratio of concentrations is derived
from a ratio for monovalent ions (4) and the fact
that theoretically the ratio of concentrations of a
divalent ion across a semipermeable membrane is
the square of the ratio for monovalent ions (5).
Exclusion of the sulfate ion from erythrocyte
water has been claimed (6, 7), and has been as-
sumed in the previous calculations of sulfate distri-
bution (1, 3). However penetration of rat eryth-
rocytes by this ion has been observed by Sheatz
and Wilde (8) within a few minutes of the addi-
tion of radiosulfate to plasma, and studies of anion
distribution in human erythrocytes by Wilbrandt
(9) and in bovine erythrocytes by Schwietzer and
Passow (10) indicate that the distribution of the
sulfate ion across the erythrocyte membrane ap-
proximates that predictable on the basis of Donnan
theory.
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To approximate the distribution of sulfate across
the capillary membrane the distribution of radio-
sulfate has been measured in the water of human
and canine sera and in dialysates separated from
these sera by cellophane membranes. The distri-
bution of sulfate across the erythrocyte mem-
brane has been studied in wvivo by measuring
radiosulfate concentration in whole blood and
plasma for several hours after infusing radiosul-
fate into nephrectomized dogs.

EXPERIMENTAL PROCEDURE

a) In vitro dialysis of plasma

Blood was collected in dry syringes from healthy men
and women and healthy male and female dogs. After
clotting and centrifugation, sera were separated and
placed in dialyzing units. Dialyzing units similar to that
described by Hastings, Salvesen, Sendroy, and Van Slyke
(4) were constructed from material and of dimensions
shown in Figure 1. Eight milliliters of serum were ex-
posed through 32 cm.? of cellophane (No. 300 P. T., Du-
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Pont, three-quarter inch tubing, with glycerine removed
by rinsing in water) to nine milliliters of dialysate con-
taining sodium (147 mM per liter), potassium (6 mM
per liter), bicarbonate (32 mM per liter), chloride (119
mM per liter), sulfate (1.0 mM per liter) and radiosul-
fate (approximately 20 microcuries per liter). Hydro-
gen ion concentration was stabilized and oncotic pres-
sure of plasma proteins opposed by constantly drawing
gas containing CO, at 7 volumes per cent through the
dialysate at a pressure of minus 30 mm. Hg. Gas con-
taining CO, was supplied from a spirometer after mix-
ing gases of known composition. Attainment of equi-
librium across the cellophane membrane was facilitated by
constantly bubbling gas through the dialysate, by very
briefly bubbling the same gas mixture through the serum
at half hour intervals and by constantly shaking the unit
in a Warburg water bath at 37° C. for 6 hours. Five
such dialyzing units in parallel were used simultaneously.

Following completion of the six-hour equilibration,
samples of serum were collected anaerobically for meas-
urement of pH. The remainder of the serum as well as
the dialysate then was removed rapidly from the dialyz-
ing unit for measurement of concentrations of serum
water, protein, “albumin,” and of radiosulfate in serum
and dialysate. To check the validity of the experimental
procedure concentrations of sodium, potassium and chlo-
ride in serum and dialysate were measured for compari-
son of the calculated concentration ratios of these ions
with those established by others (11).

b) In wvivo distribution of radiosulfate between plasma
and erythrocytes

Healthy male dogs were anesthetized with sodium
pentobarbital and nephrectomized bilaterally to diminish

TABLE I

Ratios of concentrations of ions in serum water (s) and
dialysate (f) at equilibrium

Exp. Serum Na I K | ¢l IS’5
w2 lamal /o] % | %
| |94.1]|739 | 696 1.95(.947 | .923| .983 .940
2 | 930|741 | 746|201 | .928|.915] .972| .930
3 | 931|737 | 709 182 [.929 | .931[1.019( .966
4 | 938|743 | 749|215 | .940 | .956|1.009| .970
5 |941|739 |685[204|.948|.959/ 983} .937
AV. 717120 |94 |.94 | 99 .95 |
DoIG 942 | 738 | 605 | 1.43 | 942 .942| .992| .964
2 |95.1|735 | 531 | 144|949 (1.010| .942| .967
3 | 938|737 | 680 | 155 |.941 | .938( .985| .928
4 | 939|737 | 608 | 1.58 | 938 | .939| .986( .984
5 | 948|733 | 598 | 158 | 943 .965| .999| .962
6 | 933|740 | 662 | 1.67|.934|.936| .992| .930
7 | 944|738 | 632 1.79|.943 | .925| .987| .957
8 | 930|735 | 618 1.29 | .938 | .958( .986( .953
9 | 942|741 | 629| 1.42 | 935 | .906| .989| .983
10 |944[ 738 | 605 1.44| 947 | .910] .977] .954
AV. 617| 15 {94 | .94 | .98 | .96
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TABLE II

Ratios of concentrations of radiosulfate in erythrocyte
water (¢) and plasma water (p) at various times
after infusion of radiosulfate into nephrectomized

dogs
Elapsed r
Time b
hours {Exp.| |Exp2 |Exp.3
2 43 | 44 | 36
3 41

4 45 | 40 | 37

6 .39 | 40

8 37 | .37
Av. | 43 | 40 | .38

the rate of disappearance of radiosulfate from plasma.
Approximately 2.5 microcuries of radiosulfate per Kg.
of body weight were infused as previously described
(3). Samples of blood were drawn from the femoral
artery anaerobically into oiled, heparinized syringes at
two, three, and four hours in one experiment, at two,
four, six, and eight hours in two experiments. After
sampling for measurement of hematocrit and concen-
trations of water and radiosulfate in whole blood, plasma
was promptly separated by centrifugation under oil.

c) Analytical methods

Serum, plasma, and whole blood water concentrations
were measured by weighing 1-ml. samples before and
after drying at 105° C. for 24 hours. Hematocrit and
concentrations of radiosulfate, sodium, potassium, chlo-
ride, and hydrogen were measured by methods previously
described (3, 12). Recovery of radiosulfate from whole
blood equalled that from plasma (3). Concentrations of
serum protein and “albumin” were measured by the
biuret method (13), standardized by semi micro-Kjeldahl
analysis of pooled sera. Sera were fractionated by the
modification of Milne (14).

Calculations

Globulin concentrations have been calculated by dif-
ference from the concentrations of serum protein and
“albumin.” Concentrations of radiosulfate in the water
of erythrocytes have been calculated by difference from
measurements of water and radiosulfate concentrations
in whole blood and plasma as described previously (3),
with the exception that the hematocrit has been cor-
rected for 4 per cent “trapped” plasma (15).

RESULTS

The ratios of concentration of radiosulfate in
the water of serum to that in the dialysate are
listed in Table I and average 0.95 for the five hu-
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man sera, 0.96 for the ten canine sera. The cor-
responding ratios for chloride are 0.99 for the hu-
man sera, 0.98 for the canine sera. The ratios of
concentrations of sodium and potassium in the
dialysate to those in the water of human and ca-
nine sera average 0.94 for each ion. The water
content, pH, protein concentration and albumin-
globulin ratios are in or close to the normal range
for human and canine plasma.

In Table II are listed the ratios of concentra-
tions of radiosulfate in erythrocyte water to those
in plasma water. In the three experiments this
ratio ranged from 0.36 to 0.45, did not change
consistently with time and averaged 0.40.

DISCUSSION

The observed ratios of concentrations of the
monovalent ions, sodium, potassium, and chloride
in serum water and dialysate are in close agree-
ment with those observed by others (11). This
agreement supports the validity of the experi-
mental procedure for measuring the distribution
of the sulfate ion across a semipermeable mem-
brane under conditions approximating those exist-
ing at capillary membranes. As in the case of
chloride (11) the observed ratios for radiosul-
fate (0.95, 0.96) differ from that (0.90) calcu-
lated from the concentration of serum protein (4).
Using the observed ratios (0.95, 0.96) in calcu-
lating the radiosulfate volumes of distribution in
the whole body results in a volume approximately
5 per cent greater than that obtained using the
theoretically derived ratio (0.90).

The ratio of concentrations of radiosulfate in
the water of erythrocytes and plasma (0.40) is
established within one hour and probably much
sooner (8). This ratio remains essentially un-
changed over a period of hours. Thus in approxi-
mating extracellular fluid volume by radiosulfate
distribution correction for entry of radiosulfate
into erythrocytes can be made from the measured
hematocrit and measured or assumed plasma vol-
ume. Normally, with the hematocrit 0.45, the
plasma volume 4 per cent of body weight, the ra-
diosulfate volume 23 per cent of body weight and
the concentration of water in erythrocytes ap-
proximately 65 per cent, the extracellular fluid
volume as measured by radiosulfate distribution
will be 4 per cent larger when calculated without
correction for radiosulfate within erythrocytes.
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These two modifications of the previous calcu-
lations (1, 3) of the radiosulfate volume (Donnan
factor of 0.96, correction for radiosulfate entering
erythrocytes) have opposite and approximately
equal effects upon the calculated volume. Their
application does not require modification of the
statement that the volumes of distribution of radio-
sulfate and mannitol are equal in the dog.

The ratio of the concentrations of radiosulfate
on each side of the erythrocyte membrane (0.40)
is slightly lower than that calculated (0.42) from
the ratio of the chloride concentrations (approxi-
mately 0.65) (3) and the assumption that sulfate
is passively distributed across the erythrocyte
membrane of the dog in accordance with Donnan
equilibrium. However this fairly close agree-
ment between observed and theoretical ratios sup-
ports this assumption.

Change in hydrogen ion or water concentration
in the erythrocyte will result in change in the ratio
of radiosulfate concentrations across the erythro-
cyte membrane, just as such change will affect the
ratio of chloride concentrations across the eryth-
rocyte membrane (16). When, for example, car-
bon dioxide is lost from whole blood in sampling
for measurement of radiosulfate concentration in
plasma, hemoglobin in the form of ionized salt
increases at the expense of that in the form of
undissociated weak acid. In addition, the con-
centration of solute particles in the erythrocyte is
reduced and water shifts from the erythrocyte to
plasma. These new conditions require for mem-
brane equilibrium a shift of sulfate from the eryth-
rocyte to plasma, and a falsely high estimate of
radiosulfate concentration in plasma results. The
relative change in the ratio of concentrations of
the divalent ion, radiosulfate, under such condi-
tions is approximately twice the relative change in
the ratio for the monovalent ion, chloride. How-
ever the error introduced in measuring plasma
concentration, expressed as a per cent of the true
value, is approximately the same for each ion, the
effect of the greater change in the concentration
ratio for the divalent ion being offset by the initial,
smaller ratio of concentrations of this ion. An
error of as much as 5 per cent may be readily in-
troduced into the measurement of the plasma con-
centration of the anion (16).

An objection to the use of radiosulfate distribu-
tion in approximating extracellular fluid volume
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has been the apparent passage of sulfate through
some cells (e.g., gastrointestinal and renal tubular
epithelium) and that this anion is presumably
distributed across the membranes of all cells in
accordance with Donnan theory (17). In muscle
the ratio of chloride concentrations across the cell
membrane is much smaller than that in the case of
erythrocytes, perhaps of the order of 0.02. If such
a distribution of chloride represents cells of the
body generally, the ratio of intracellular to extra-
cellular concentrations of the divalent ion, radiosul-
- fate, would theoretically be of the order of 0.0004.
With a ratio of intracellular to extracellular con-
centrations of radiosulfate of this magnitude and
with any reasonable change in this ratio as a result
of experimental procedure, it would appear that
the amount of inorganic radiosulfate within cells
is much too low to affect significantly the calcu-
lated volume of distribution or to invalidate this
application of radiosulfate distribution.

SUMMARY

The equilibrium concentration of radiosulfate
in serum water has been measured as 0.95 (in five
human sera) and 0.96 (in ten canine sera) the
concentration in a dialysate separated from serum
by a cellophane membrane. The ratio of the con-
centrations of radiosulfate in erythrocyte and
plasma water remains approximately 0.40 for
several hours after infusion of radiosulfate into
the dog.
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