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Distribution of 358 in the Blood 
and its Excretion in Urine 
of Dogs Exposed to 35802 
Eiji Yokoyama, MD; Robert E. Yoder, PhD; 

and N. Robert Frank, MD, Boston 

Blood 3'5 levels in anesthetized dogs rose 
progressively when the isolated upper airways 
were exposed to "502 for 30 to 60 minutes, and 
decreased slightly in the hours following ex­
posure. The plasma contained more .55 than the 
red blood cells (RBC); more than half of the 
plasma-"'S was dialyzable, the greatest radio­
activity among the nondialyzable fraction of the 
plasma being associated with a-globulin proteins. 
Two thirds of the RBC_85S appeared to be intra­
cellular. RBC-"S/Plasma-"'S was higher following 
in vivo exposure of animals than when plasma­
"5 was mixed with nonradioactive RBC. Most 
of the urinary "5 was in the form of inorganic 
sulfate. 

E XP08URE to sulfur dioxide (802 )may 
be associated with changes in the concentra­
tion of plasma proteins,l,2 hemoglobin con­
centration,3,4 and red blood cells (RBC) .5,6 

Submitted for publication May 25, 1970; accepted 
June 8. 

From the Department of Physiology and Environ­
mental Health Sciences, Harvard School of Public 
Health, Boston. Drs. Yokoyama and Frank are now 
at the Department of Environmental Health, School 
of Public Health and Community Medicine, Uni­
versity of Washington, Seattle. Dr. Yoder is now 
at the Lawrence Radiation Laboratory, University 
of California, Livermore. 

Reprint requests to Department of Environmen­
tal Health, School of Public Health and Commu­
nity Medicine, University of Washington, Seattle 
98105 (Dr. Yokoyama). 

The mechanism for these changes is not 
certain, nor is it clear whether impairment 
of nutrition, water or electrolyte balance, or 
both were in part responsible for their oc­
currence. The 358 is known to enter the 
blood within minutes of the onset of expo­
sure to both 358°27,8 and sulfuric acid mist.n 

Little is known of its subsequent distribu­
tion and exchange among the components of 
the blood, knowledge that might clarify the 
hematologic changes attending exposure to 
the gas. The primary purpose of our study 
was to extend preliminary observations that 
had been made on the interactions of 358 
and blood10 as well as to identify the forms 
in which 358 is excreted in the urine. Our 
results are based on the exposure of both the 
isolated upper airways of dogs and in vitro 
samples of blood to 35802, 

Methods 

In Vivo Experiments.-The surgically isolat­
ed upper airways of nine mongrel dogs were 
exposed to 358°2' In five animals the concen­
tration of 3580., was 22 ± 2 ppm10 the lev­
el of radioactivity being 3.7 X 104 picocuries/ml 
for the first experiment (dog 1). The other four 
animals were exposed to 50 ppm of 3580211 

the level of radioactivity was 2.1 X 104 pico­
curies/ml for the first animal (dog 7) in this 
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390 DISTRIBUTION AND EXCRETION OF 86S-YOKOY AMA ET AL 

group. The details of the surgical preparation 
have been described separately.l0 The animals 
were anesthetized with intravenously adminis­
tered pentobarbital sodium (initial dose, 30 mgl 
kg; maintenance dose, 30 to 60 mg, as needed), 
paralyzed with succinylcholine chloride (initial 
dose, 3 mg/kg; maintenance dose, 0.02% solu­
tion in 5% dextrose in saline infused continu­
ously at the approximate rate of 1 ml/min), 
and ventilated on ambient air by a displace­
ment pump. Arterial blood and urine samples 
were collected during and following the expo­
sure; the postexposure period lasted up to three 
hours. The blood was sampled through indwell­
ing polyethylene tubing that had been passed 
through one of the femoral arteries into the 
abdominal aorta. The sampling syringes were 
moistened with heparin sodium. Samples were 
drawn at 5 to 10 minute intervals during the 
exposure, less often following completion of the 
exposure. The blood, within minutes of collec­
tion, was separated into its plasma and cellular 
components by centrifugation. The urine was 
collected through a catheter that was implanted 
in the bladder through an incision in the lower 
anterior abdominal wall. At least 1.5 ml of urine 
were obtained with each sample. Urinary 
sampling was less frequent and less regular 
than that of blood, the interval depending on 
the rate of urinary flow. All samples were re­
frigerated at about 5 C until analyzed. One­
milliliter samples of the plasma and cellular 
components of the blood and urine were count­
ed with a thin window flow-type counter 
(Geiger-Muller). We calculated the whole blood 
activity usually by summing the radioactivity 
of the plasma and cellular components and 
correcting for the hematocrit value. To correct 
radioactivity of the RBC, we assumed that 
trapped plasma represented 5% of the sample 
volume.12 All values for radioactivity were 
corrected for self-absorption.l0 

In Vitro Experiments.-The arterial blood of 
unexposed dogs and the venous blood of 
healthy volunteers were exposed to 35S02 in a 
slowly rotated tonometer at room temperature. 

Distribution of 358 in Plasma.-We deter­
mined the fraction of the plasma radioactivity 
that was bound to protein by the method of 
dialysis13 : The cellophane tubing (Visking 9/16 
inches inflated diameter) containing the radio­
active plasma was placed in a 25% solution of 
polyvinylpyrrolidone (PVP) and refrigerated 
at about 5 C. The PVP was stirred continuous­
ly. Counts were made on 1-ml samples of the 
plasma before dialysis, and on the PVP after 
dialysis. All data reported for this technique 
were obtained after at least 24 hours of dialysis 
at which time the transfer was virtually com-

plete. The percentage of dialyzable 35S was 
calculated as follows: 

PVP activity after 
% dialyzable 35S = 

Plasma activity before 
dialysis x PVP vol 

X 100. 
dialysis x Plasma vol 

The nondialyzable radioactive plasma was 
subjected overnight to electrophoresis on 36-
X 15-cm strips of filter paper in a buffer 
(Veronal) of pH 7.3. Following electrophoresis, 
the strips were dried at 100 C and then were 
developed in bromphenol blue solution. The 
dried and stained strips were cut into six seg­
ments: albumin, a-, p-, and y-globulins, and 
two unstained portions of the paper beyond 
albumin and globulin. The segments were taped 
to planchets and were counted (Geiger-MUl­
ler) . Because of the low 35S radioactivity 
present on each segment of paper, we counted 
both the background and sample for more than 
half an hour. 

Distribution of 358 in RBC.-We determined 
the relative distribution of 35S between the 
surface and the interior of the RBC by compar­
ing the radioactivity of the cells before and 
after they were washed. To wash the cells, 
three parts of normal saline (NaCI) or isotonic 
phosphate buffer were added to one part of the 
radioactive cells, the mixture was rotated gent­
ly and centrifuged for 15 minutes; the super­
natant fluid was then discarded. The procedure 
was repeated three times. 

To test if any 35S was fixed to the cell 
membrane, we counted the radioactivity of 
RBC ghosts that were prepared by the method 
of Dodge et alB: The ghost sample was pre­
pared from 1 ml of the washed cells suspended 
in an equal volume of isotonic phosphate 
buffer, and then resuspended in 1 ml of O.lN 
potassium hydroxide. 

In Vitro Exchange of 35S Between Plasma 
and RBC.-We combined equal volumes of ra­
dioactive plasma and nonradioactive RBC in a 
syringe and rotated the contents in a water 
bath at 37 C for at least 15 minutes. (In initial 
tests, we found no difference in the magnitude 
of the transfer of 35S to RBC for periods 
ranging from 15 to 60 minutes). The mixture 
was then separated into plasma and RBC com­
ponents for counting. We measured the concen­
trations of 35S in the plasma before and after 
mixing with the RBC, and in the RBC compo­
nent following the mixing. The radioactivity of 
the RBC was corrected for trapped plasma. 

Urinary Sulfate.-We used the method of 
Folin15 to analyze the urine for 35S. Inorganic 
sulfate was precipitated by the addition of 5% 
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DISTRIBUTION AND EXCRETION OF 35S-YOKOY AMA ET AL 391 

Fig 2.-Relation between total 
plasma "s and dialyzable ··S fol­
lowing dialysis with 25% PVP 
for 24 hou rs. 
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Fig l.-Changes in level of 
35S in whole blood of five dogs. 
The 35S02 = 22 ± 2 ppm. Decay 
constant of 35S was used to cor­
rect all levels of radioactivity to 
the day at which the first dog was 
exposed. Vertical bars indicate 
end of exposure. 
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Fig 3.-Relation between the 
3·S activity of unwashed RBC and 
activity lost from these cells by 
washing with normal saline or iso­
tonic phosphate buffer. 

Arch Environ Health-Vol 22, March 1971 

D
ow

nl
oa

de
d 

by
 [

C
D

C
 P

ub
lic

 H
ea

lth
 L

ib
ra

ry
 &

 I
nf

or
m

at
io

n 
C

en
te

r]
 a

t 1
3:

33
 1

4 
A

ug
us

t 2
01

3 
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Table 1.-Re/ative Counts per Minute of Paper Segments Following Electrophoresis of Non-dialyzable 
Portions of Radioactive Plasma 

Dog No. Blank Albumin ",·Globulin /3·Globulin ,·Globulin Blank 

9 6.6 (13)* 9.6 (18) 21.1 (41) 4.0 (8) 6.6 (13) 3.5 (7) 

15 2.3 (10) 4.6 (20) 8.8 (38) 2.9 (12) 2.8 (11) 2.0 (9) 

* Numbers in parentheses are equal to % of total count. 

% 30S 
TRANSFERRED TO RBC 
20 

Fig 4.-Relation between plas· 
ma 3'8 and percentage of "8 
transferred to RBC following mix­
ing of plasma and RBC in a 
syringe at 37C for 15 minutes. 

10 

• 

• • • • • • • 
O~------~~~~~~------~ 

0.2 0.4 0.6 

ORIGINAL 35S IN PLASMA, ~c/ml 

barium chloride to the diluted, acidified urine. 
To precipitate total sulfate, we heated the 
urine slowly to boiling before adding the bar­
ium chloride. The mixture was allowed to stand 
two to three hours, filtered through a funnel 
(Buchner), and the precipitate was washed 
with cold water. The radioactivity of the 
filtrate, including the washings, was determined 
with a counter (Geiger-Muller). The radioac­
tivity of the sulfate was calculated from the 
difference in radioactivity between the urine 
and the filtrate. 

Results 

The 35S in Whole Blood, Plasma, and 
RBC.-The absolute levels of radioactivity 
in whole blood, corrected to the day of the 
first experiment by application of the decay 
constant for 35S,16 are shown in Fig 1. In 
general, the whole blood levels rose steadily 
throughout the exposure (30 to 60 minutes). 
The lowest levels were found in dog 2 which 
was found to have pulmonary edema at 

Table 2.-Relative Urinary Excretion of "S as 
Inorganic and Total Sulfate 

Sample % "S as % "S as 
Number Inorganic Sulfate Total Sulfate 

1 (Dog 7) 88.2 91.5 

2 (Dog 8) 82.9 99.1 

3 (Dog 8) 81.2 90.1 

4 (Dog 9) 86.1 

5 (Dog 9) 87.3 91.3 

6 (Dog 9) 83.2 90.2 

Mean 84.8 92.4 

autopsy, The edema is thought to be related 
to an excessive infusion that was given inad­
vertently, Four of the five animals showed a 
fall in 35S blood levels once exposure was 
ended, though the fall was slight and was 
not necessarily progressive with time. The 
maximal postexposure period lasted three 
hours. The time course of the changes in 
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DISTRIBUTION AND EXCRETION OF 35S-YOKOY AMA ET AL 393 

plasma and RBC levels of 35S have been 
reported.1° They may be summarized as fol­
lows: The 35S rose progressively in both 
compartments during the exposure. In the 
postexposure period the plasma levels tend­
ed to fall whereas the RBC levels, following 
an initial fall, gradually rose. The 35S con­
centrations were always higher in the plas­
ma than in the RBC, although the difference 
between concentrations was variable. 

The 35S Distribution Within Plasma.­
The sum of the 35S in the dialyzable and 
nondialyzable fractions did not differ sta­
tistically from the 35S measured indepen­
dently in aliquots of the same whole plasma. 
The percentage of dialyzable 35S was essen­
tially constant over the entire range of ra­
dioactivity (Fig 2): 64.4% (SE ± 2.3%) in 
31 measurements. The partitioning was sim­
ilar for the in vivo and in vitro samples. 

To test the results of dialysis, the radioac­
tivity of eight samples of plasma was mea­
sured before and after precipitation of the 
proteins with trichloroacetic acid. The aver­
age percentage of 35S remaining in the plas­
ma filtrate was 74.7% (SE ± 8.8%), a value 
not significantly different from the percent­
age that was dialyzed. 

Protein Fractions.-Only two samples 
had sufficient radioactivity for electrophoret­
ic analysis. Since we did not correct for 
self-absorption or for differences in the pa­
per size among the segments, the results are 
useful for describing only the relative distri­
bution of 35S. Table 1 lists the count number 
per minute for each segment of the paper. 
The highest count was found on the segment 
containing the a-globulin fraction, the next 
highest on the segment containing albumin. 

RBC Radioactivity.-Surface Versus In­
terior.-Figure 3 shows the relation between 
the radioactivity lost from the cells through 
washing and the radioactivity of the un­
washed cells for samples analyzed within 
one or two days of their exposure. The mean 
percentage of radioactivity lost from the 
RBC through washing was 35.1 % 
(SE ± 3.6%) for the in vivo samples, and 
63.8% (SE ± 10.3%) for the in vitro sam­
ples. The difference between the two groups 
was significant (P < 0.01). 

Cell Membrane Radioactivity.-We found 
no radioactivity in the ghosts of six samples 
of RBC. 

In Vitro Exchange of 3:iS Between Plasma 
and RBC.-An average of only 8.0% 
(SE ± 1.5%) of the plasma 35S underwent 
transfer to the RBC following the mixing of 
equal volumes of the two constituents (Fig 
4). The ratio of RBC radioactivity per plas­
ma radioactivity was significantly lower fol­
lowing this in vitro form of transfer than 
following exposure of the upper airway to 
35S02 (in vivo). 

Urinary Excretion of 35S.-The time 
course of urinary excretion of 35S and the 
relative concentrations of urinary-35S and 
plasma-33S were reported previously.1° 

An average of 84.4% of the urinary-35S 
was in the form of inorganic sulfate; 92:4% 
was present as total sulfate (Table 2). 

Comment 

The level of 35S in the blood should reflect 
the balance between the rate at which 358 
enters the circulation, principally from the 
mucosa of the upper airways, and the rates 
at which it is excreted from the body and 
deposited in peripheral tissues. There is no 
direct information about the magnitude of 
these functions, nor how they may change 
with the concentration of 358 in different 
tissues and with time. In general, we found 
that the radioactivity of whole blood de­
creased relatively little during postexposure 
periods lasting up to three hours despite the 
continuous renal excretion of 358. The obser­
vation confirms Bystrova's experience with 
white rats.7 It would appear that the rate of 
transfer of the bulk of the 358 from the site 
of absorption to the circulation, though de­
layed, is sufficient to sustain whole blood 
levels for many hours after the exposure is 
ended. The time required to mobilize all 358 
from the adsorptive site is not known. Bal­
chum et al17 were able to detect 358 in the 
airway tissues of a dog one week after the 
animal had been exposed to 35802 through a 
tracheal cannula. 

We found that 358 was always more con­
centrated in the plasma than in the RBC. 
About one third of the radioactivity in plas­
ma appeared to be in association with pro­
teins, especially the a-globulins. The nature 
of the 35S-protein bond was not determined. 
The a-globulins are considered to be hetero-
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394 DISTRIBUTION AND EXCRETION OF 35S-YOKOY AMA ET AL 

genous mixtures of proteins that are bound 
to carbohydrates, lipids, and other sub­
stances. They include most of the glycopro­
tein found in human plasma.18 8mith et alln 

showed by means of paper electrophoresis 
that following the intravenous injection of 
Na235804 into rats, the greatest accumula­
tion of radioactivity occurred on the strips 
containing the aI-globulin. The authors as­
sumed that the 358 was principally con­
tained in sulfonated carbohydrate-globulin 
complexes. In the light of this binding of 358 
to the a-globulins, it is interesting to note 
that both Erbanl and 8ymon2 reported ele­
vated serum a-globulin in experimental rab­
bits that were exposed to an average concen­
tration of 36 mg/cu m (12.6 ppm) of 802 

for 80 days. Erban suggested that the 
change represented a nonspecific response to 
chronic stress rather than a consequence of 
the direct action of the gas; our finding 
suggests that a more specific mechanism 
may also operate. Alternatively, Navrotsky20 

reported no effects on the serum protein 
spectrum of rabbits after long-term exposure 
to 802, 

In our experiments about two thirds of 
the 358 associated with the RBC appeared 
to be intracellular. The remainder is as­
sumed to have been adsorbed on the surface 
of the cell. We could not demonstrate any 
358 that was bound to the cell membrane. 
During the postexposure period the amount 
of 858 in association with the RBC in­
creased, while the plasma concentration of 
358 fell. The net gain in the RBC concentra­
tion of 358 is difficult to explain, particularly 
if the radioactivity within the cell is as­
sumed to reflect principally the sulfate ion. 
The latter is thought to be passively trans­
ported across the mammalian RBC 
membrane.21 Consequently, the increase in 
the RBC concentration of 358 relative to the 
plasma concentration might reflect either a 
change in membrane permeability or a non­
ionic binding of the 358 inside the cell. On 
the other hand, the experiments showing 
that the transfer of 358 from the plasma to 
the RBC was considerably less in vitro than 
in vivo are consistent with the possibility 
that an active transport mechanism may 
function during life. 

Whether the inspired sulfur that enters 
the RBC may affect these cells is unclear. 

Lee3 reported an increase in the hemoglobin 
concentration of guinea pigs exposed to 6 to 
310 ppm of 802 for only one hour. The 
increase in hemoglobin concentration was 
roughly proportional to the concentration of 
the gas between 6 and 20 ppm but the 
proportionality ceased at concentrations 
above 20 ppm. The result of long-term expo· 
sure of animals to 802 have been inconsis­
tent. Volkova22 found no significant changes 
in the concentrations of hemoglobin and 
RBC in rabbits exposed to concentrations 
below 20 mg/cu m (7.0 ppm) of 802 for 3.5 
hours/day over a period of 1.5 months. Re­
cently, BattigelIi et aJ23 reported no detect­
able change in the hematocrit value of rats 
exposed to a mixture of 802 (1 ppm) and 
dust (graphite, 1 mg/cu m) tor four months. 
However, Ball et al4 reported an increase in 
hemoglobin concentration together with in­
creases in the white blood cell count and the 
percentage of neutrophils in rats exposed to 
1 to 32 ppm of 802 for periods up to 13 
months. Hayashi6 reported that an initial 
increase of RBC was followed by a gradual 
return to the pre-exposure level in rabbits 
that were exposed to 100 ppm of 802 for ten 
months. 

Our previous data10 showed that the kid­
ney excreted 358 at a rate approximately 
proportional to the level of 358 in plasma 
and whole blood; in addition, the rate of 358 
excretion was not influenced by manitol, an 
osmotic diuretic. These findings would be 
expected to the extent that 358 is excreted 
principally as an inorganic sulfate and that 
the reabsorptive mechanism for the sulfate 
is readily saturated.24 Generally, urinary 
sulfur is present in three forms: inorganic 
sulfate, ethereal sulfate, and neutral sulfur.25 
We found that 84.4% of the urinary 358 was 
excreted as inorganic sulfate, 7.6% as ethe­
real sulfate, while the form of the remainder 
was not determined. 

If it is assumed that all of the 35802 

entering the nasopharynx was taken up by 
the mucosa in these experiments, then 1% 
to 6% of the total amount that entered the 
body was excreted in the urine during the 
few hours of the study. As shown in the 
previous report,10 the amount of 358 present 
in the circulation, coincident with the peak 
concentration, ranged from 5% to 18% of 
the dose. If little or none of the 358 was 
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DISTRIBUTION AND EXCRETION OF 35S-YOKOY AMA ET AL 395 

excreted in the feces during this period, the 
remaining three fourths or more of the in­
spired dose must have been distributed be­
tween the site of absorption and the periph­
eral tissues of the body. 

This study was supported in part by Public 
Health Service research grants OH 00100 and 
ES 00002, and training grant RH-27. 

Phillip Waithe performed surgery, and Mrs. Sally 
Stonehouse and Miss Dominica Paci provided tech­
nical assistance. 
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