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Fate and Distribution of Fez0 Labelled Ferrocyanide in Humans and Dogs.* 
(22715) 

CHARLES R. KLEEMAN AND FRANKLIN H. EPSTEIN (Introduced by P. K. Bondy) 
Departrnent of Internal Medicine, Yale l - ~ i i w r s i f y  School o f  Medicine, N e w  Haven, Conn. 

Previous studies ( 1.2.3 ) have demonstrated 
that unlabelled ferrocyanide ion fulfills many 
of the criteria required of a substance which 
would measure the volume of the extracellu- 
lar fluid. After intravenous injection it equili- 
brates rapidly in a “space” approximating 
20% of body weight: it does not penetrate 
or cannot be detected in red blood cells. gas- 
tric juice or feces: and from 94 to 98% of 
administered dose can be recovered in urine 
in 24 hours. In addition. Berliner and his as- 
sociates (4 ) were unable to demonstrate by 
dialysis any binding of ferrocyanide to plasma 
proteins. 

Vn fortunately the quantities of non-radio- 
active ferrocyanide which must be used in 
“space” measurements were found by Miller 
and Winkler ( 5 )  to be nephrotoxic in humans. 
The present investigation was. therefore, un- 
dertaken to evaluate the fate and distribution 
in humans and dogs of small quantities of 
sodium ferrocyanide labelled with Fe5g. 

Materials and inethods. Studies in vivo 
were carried out in 9 human subjects and 3 
nephrectomized dogs. The former included 
4 male medical students. 2 patients with as- 
cites and anasarca, one cirrhotic without as- 
cites or edema and 2 patients with severe 
renal failure secondary to chronic pyelone- 
phritis. In all experiments 30-50 mg of Fe*i9- 
labelled sodium ferrocyanide (approximately 
75 pc) were injected intravenously from a 
calibrated syringe. Measured amounts of in- 
ulin were also injected into the 3 dogs and in 
one subject with renal failure. Arterial sam- 
ples of blood from the dogs and venous 
samples from the humans were collected at  
intervals varying from 10 minutes to one 
hour. Time required to reach equilibrium 
and the rate of disappearance of radioactivity 
from the blood were determined and the ap- 

*Supported by a contract with Department of 
Army, Office of Surgeon General and a U. S. Public 
Health Grant. 

parent volumes of distribution at  equilibra- 
tion were calculated by extrapolating back to 
zero time in the usual way+ ( 1 ) . An aliquot 
of the injected solution was counted simul- 
taneously with all biologic samples, to correct 
for physical decay. In most studies urines 
were collected for 24 to 48 hours to determine 
the recovered radioactivity. and in addition, 
in 5 experiments hourly urine collections were 
made to determine simultaneous renal clear- 
ances of creatinine and radioactive ferrocy- 
anide. Radioactivity in the 48-hour stool col- 
lections of 3 subjects and in the gastric juice 
and saliva of one subject was also measured. 
The distribution of radioactive f errocyanide 
between plasma and red blood cells was deter- 
mined in ZGYO and in vitro utilizing technics 
previously described ( 1 ) . The diffusibility of 
radioactive and non-radioactive ferrocyanide 
from aqueous solutions and plasma in vitro 
was evaluated by two technics: 1) a simple 
dialysis procedure in which the sample to be 
dialyzed was placed in a bag of Visking mem- 
brane and dialyzed against a solution of iso- 
tonic saline for 24 hours with continual shak- 
ing. and 2 )  the anaerobic ultrafiltration tech- 
nic of Lavietes(6). The in viva and in vitro 
binding of radioactive ferrocyanide by spe- 
cific plasma proteins was determined by elec- 
trophoresis of samples of serum on paper at 
pH 8.6 and 7.4 in acetate buffer (.04M) on a 
Spinco apparatus a t  0.6-0.7 MV. Duplicate 
strips of each sample of serum were run si- 
multaneously. One was stained with bromo- 
phenol blue dye to locate the distribution of 

t TIIC ~o1111nit factor for Fe ( c x ) ~ ~  is 1.22, i .e. 
t I i ( 1  concciitrntion of Fe  ( C S ) e ’  in interstitial fluid 
is 1.22 X (concentration in plasma water). Since 
n 1iprosimately 25% of extracellular water is con- 
t:iin(vl in plasma at equilibrium, the ( ( Average ’ ’ 
concentration of Fe  (CN)$ in extracellular fluid 
(plasma water + interstitial water) equalp 
( 3  x 1.22) + (1 x 1.00) = 1.16 X (concentration 

in plasma water). 
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the proteins, the other was cut transversely 
into 2 cm. pieces, and both were counted in a 
well-type scintillation counter. A solution of 
Fe59 (CN), in isotonic saline was simultane- 
ously electophoresed to determine the dis- 
tribution on the paper of non-protein-bound 
ferrocyanide ion. Total proteins were pre- 
cipitated from sera using 10% trichloracetic 
acid. All samples were counted in duplicate 
for one to 5 minutes depending on the level of 
radioactivity. The minimal counts exceeded 
those of the background by a t  least four 
times. The average background with the ap- 
paratus used was approximately 115 counts 
per minute. Plasma and transudate proteins 
were determined by the biuret technic( 7)  ; 
inulin, endogenous creatinine, and non-radio- 
active ferrocyanide by methods previously 
described ( 1 ) . 

Results. Urinary recovery and renal clear- 
ance of radioactive ferrocyanide: In the 4 
normal subjects an average of 80% (68- 
87 % ) of administered radioactivity was re- 
covered in 24 to 48 hours. This contrasted 
sharply with the 94 to 1’00% of non-radio- 
active Fe (JCN)~’ recovered in 24 hours when 
administered to normal dogs ( 1 ) and infants 
( 3 ) .  In Table I are listed the simultaneous 
renal clearances of creatinine and Fe59 (CN) 
in 4 normal subjects and one patient (M.S.) 
with severe chronic renal disease. The ferro- 
cyanide clearance ranged from 20 to 53% of 
the concomitant creatinine clearance. The 
highest percentage was in the subject with 
renal disease. 

Distribution between plasma and red cells. 

TABLE I.* Simultaneous Clearances of Creatinine 
and Few (CN)@’. 

Creatinine Ferrocyanide 
clearance, clearance, 

Subject cc/min. cc/min. 

C.K. 118 41 
R.S. 130 48 
M.W. 122 34 
M.G. 125 25 
M.S. 5.6 3.0 

TABLE 11. Difference between Neasured and Ex- 
pected Concentrations* of Fe50 (Cs)6’ in Whole 

Blood. 

70 difference 
Samples (expected-measured) 

7 human in vivo 
3 ” invitro + .3 k .7 
4 dogs in vivo +1.0 3- 2.4 

+3.6 3- 3.9t 

* ‘ ‘ Expected Concentration ’ ’ in cpm/cc whole 
blood = (plasma concentration) (1-Hct), assum- 
ing no penetration of red blood cells by radio- 
active ferrocyanide in the plasma. 

t Stand. dev. 

A bsence in gastrointestinal secretions. Table 
ZZ: As had been previously noted with non- 
radioactive ferrocyanide ( 1 ) , there was no sig- 
nificant penetration of the radioactive ion 
into the red cell. This held true whether the 
tracer was added in vitro to whole blood a t  
4’ and 37’, or injected intravenously into 
humans and dogs. In addition, when red 
cells, from whole blood which had been la- 
belled with ferrocyanide, were washed with 
cold isotonic saline and then resuspended in 
saline they contained no appreciable radio- 
activity. No significant radioactivity was 
detected in pooled feces, saliva, or gastric 
juice of humans or dogs. 

Disappearance curves and apparent volume 

SUBJ. C.K 

5 

* Each value represents the mean of 4-5 consecu- 
tive periods of urine collection. Creatinine and 
Fe (CN): clearances were corrected for serum 
water: Fe (CN)S clearance has also been corrected 
for a Donnan factor of 1.22. 

‘t 40 80 I20 160 200 240 280 320 
MINUTES 

FIG. 1. Semilogarithmic disappearance of Fe58 la- 
belled ferrocyanide from the plasma of a normal 

subject. 



230 I)ISTHIBC‘TIOS OF RADIOACTIVE FEKROCYANIDE 

1 PTD.M 

n ” t  
5 5 1  

O:, 60 120 180 240 

FIG. 3. Siiiiultaiicwus seiiiilogaritliiliic d i s i i l~ l )~~ i i~ -  
axice of Fez” 1:1bclleil fcrrocyvnnidc and ixiulin f roiu 
the plasnia of ;I p:iticnt with scvere clironic renal 

(1 i scn sc. 

MNUTES 

of distribtrtiori in humans and nephrccto- 
inked dogs. Fig. 1 illustrates the typical 
semilogarithmic curve of disappearance seen 
in a normal subject after apparent equilibra- 
tion. The disappearance curve was linear be- 
tween 60 and 160 minutes. Subsequent points 
fell slightly above the extrapolation of the 
60-160 minute line. This lack of linearity 
after 160 minutes was similar to that seen in 
normal dogs after injection of non-radioactive 
ferrocyanide ( 1 ) . As would be expected : the 
rate of disappearance of the tracer was much 
slower in a subject with severe chronic renal 
disease (Fig. 2 ) .  In contrast to normal sub- 
jects, neither patient with renal disease 
demonstrated a changing slope in the late 
portion of the curve. The similarity between 
the rate of disappearance of inulin and ferro- 
cyanide is apparent (Fig. 2). 

TABLE 111. Apparent Volumes of Distribution 
of Ferrocvanide and Tnulin. 

Fez” (C!S)e:, Tnulin, 
Subject 70 body wt ‘/c body wt 

C.K. 
M.G. 
M.W. 
R.S. 
M.S.’ 
D.M.* 
Dogs 
1 
2 
3 

14.0 
15.0 
12.i 
10.4 
17.0 
20.0 “2.5 

17.1 15.1 
16.4 19.8 
10.6 14.0 

* Subjects wit,h chronic renal disease. 

In Table I11 are listed the apparent vol- 
umes of distribution of radioactive ferrocy- 
anide as well as the volume of distribution of 
inulin in the cases where this was determined. 
Only in the two subjects with chronic renal 
disease did the ferrocyanide “space” exceed 
1 5 %  of the body weight. Both of these pa- 
t ien ts were undernourished and had slight 
ankle edema. Two of the normal subjects 
(1I.b’. and R.S.) had ferrocyanide “spaces” 
which were obviously abnormally small. In 
2 of the dog experiments and in one of the 
patients with renal failure the inulin space 
actually exceeded the simultaneously meas- 
ured radioactive ferrocyanide “space.” These 
findings are in marked contrast to those of 
studies utilizing large (1-1.5 g) doses of non- 
radioactive ferrocyanide in which the ferro- 
cyanide space always exceeded the inulin 
space and averaged 2076 of body weight ( 1,2). 
One explanation of this discrepancy might be 
partial binding of the tracer dose of ferrocy- 
anide to plasma proteins, resulting in a higher 
apparent concentration of ferrocyanide in 
plasma water than in other extracellular 
fluids. 

To investigate this possibility in viva, Fe59 
( C S )  G’ was injected intravenously into 2 sub- 
jects with anasarca. Samples of plasma, 
ascitic, pleural and peripheral edema fluid 
were simultaneously removed at  intervals of 
two to 36 hours after injection. The results 
have been expressed in Table IV as the ratio 
of cpm/cc of transudate water to cpm/cc of 
plasma water. 

At equilibrium, correcting for the Donnan 
factor, the ratio should approximate 1.22. At 
no time did the ratio exceed 1.00. This held 
true even when the plasma concentration had 
fallen below a level previously attained in the 
transudate. This strongly suggested in vivo 
binding of radioactive ferrocyanide to plasma 
proteins. 

Direct measurement of binding to plasma 
proteins: Dialysis and ultrafiltration tech- 
nics were found unsatisfactory for evaluating 
the problem of protein binding. When sam- 
ples of plasma containing radioactive ferro- 
cyanide were dialyzed against isotonic saline 
for as long as 48 hours very little radioactiv- 
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ity could be detected in the saline. Similarly, 
when the plasma was ultrafiltered under a 
positive pressure of 35 cm of mercury, less 
than 30% of the expected radioactivity 
crossed the membrane. These observations 
did not necessarily indicate binding of ferro- 
cyanide to protein. Surprisingly enough, 
aqueous solutions of radioactive ferrocyanide 
siniilarly did not freely diffuse or filter across 
a Visking membrane. This could not be cor- 
rected by dissolving the tracer in isotonic 
saline rather than water or by soaking the 
Visking membrane for 24 hours prior to use 
in non-radioactive ferrocyanide. Large 
amounts of residual radioactivity could be 
detected on the membrane after the latter had 
been washed for 2 to 3 minutes in running 
water . 

As a result of these findings, electrophoretic 
and protein-precipitation technics were util- 
ized. When aqueous solutions (water or 
saline) of radioactive ferrocyanide were elec- 
trophoresed at pH 8.6 and 7.4 no significant 
quantity of radioactivity was detected on the 
paper with the exception of the end dipping 
into the anodal bath. In contrast, when se- 
rum containing radioactive ferrocyanide was 
electrophoresed a t  pH 8.6 approximately 5% 
of the applied radioactivity was found to mi- 
grate with the albumin fraction, and at pH 
7.4, approximately 12-18% of the activity 
migrated with this fraction. No appreciable 
binding to the globulin fractions was noted. 

Little attempt was made in the present in- 
vestigation to study quantitatively the nature 
of this binding. However, when Fe59 (CN)6’ 
was added to serum samples containing in- 
creasing amounts of non-radioactive ferro- 
cyanide the fraction bound to albumin re- 
mained approximately 5% (pH 8.6) at final 
ferrocyanide concentrations of 1, 2, 5 and 10 
mg per 100 cc. At  50 mg per 100 cc the 
fraction bound fell to 170. These findings 
suggest that increasing absolute amounts of 
ferrocyanide ion are bound up to about 10 
mg per 100 cc and that above this level prob- 
ably little additional binding occurs. 

Further evidence of protein binding was 
obtained by precipitating the plasma proteins 
with 10% trichloracetic acid. Approximately 

25% of the total radioactivity in 1 cc 
sample of serum remained bound to the pre- 
cipitated proteins after the latter had been 
washed 3 times in trichloracetic acid. 

In the present study the as- 
sumption was made that the radioactivity re- 
covered in serum: urine and transudates rep- 
resented the injected Fe59 as ferrocyanide and 
that the latter was not appreciably altered in 
the body. The quantitative recovery of non- 
radioactive ferrocyanide in previous studies 
(1,3) suggest that this assumption is a rea- 
sonable one. 

The rate of disappearance of the labelled 
ferrocyanide from its initial volume of dis- 
tribution can be directly determined from 
Fig. 1. In this normal human subject the 
half-time value ( T  ) was approximately 
135 minutes. In contrast, the T$ for un- 
labelled ferrocyanide ion in normal dogs is 
approximately 40-50 minutes( 1 ) .  In spite 
of the slower rate of disappearance in the hu- 
man experiments linearity was not maintained 
after 160 minutes. This observation would 
itself constitute a strong objection to the use 
of the single injection technic as a method of 
measuring extracellular fluid volume with this 
tracer. One explanation for this phenomenon 
is that the very rapid fall in the level of fer- 
rocyanide in the plasma causes a changing 
disequilibrium between the plasma and the 
other extracellular compartments( 1 ) .  At 
higher concentrations, rapid renal excretion 
results in an increasing gradient between 
these compartments while a t  low levels the 
rate of transfer of Fe ( C N ) ~ ’  from interstitial 
fluid to plasma may exceed the rate of ex- 
cretion by the kidney. When renal excretion 
of ferrocyanide is impaired, as in subjects 
with renal disease (Fig. 2), the conditions of 
equilibrium are approached more closely, and 
a slow, linear disappearance rate is main- 
tained. 

The most important reason for the more 
rapid rate of disappeaarnce observed in dogs 
as compared to humans( 1 )  is the higher renal 
clearance of ferrocyanide ion in this species. 
Numerous studies in the dog(4,8) have 
demonstrated that the clearance of ferrocy- 
anide is equal to the glomerular filtration 

Discussion. 
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TABTX I I-. Ratio of Concentration of Few ( C S  
in Ti-:iusutl;i tt. Water/  Concentration in Plasiii:t 

Water. 

Slll Ij t ' v t  Fluicl Time (hr) Ratio" 

rate. The results of the present investigation 
confirm the observatims of Miller and \\'ink- 
ler( 5 )  that the renal clearance of ferrocy- 
anide in humans is considerably lower than 
the concomitant clearance of endogenous cre- 
atinine. The absolute values listed in Table 
I niust be accepted with reservation because 
of the probability of significant binding of 
the radioactive ferrocyanide ion by the 
plasma proteins. 

In spite of the fact that radioactive ferro- 
cyanide did not penetrate red blood cells or 
enter gastrointestinal secretions. the demon- 
stration of appreciable in vitro binding to 
plasma albumin makes it an unsuitable tracer 
substance for the measurement of extracellu- 
lar fluid. The abnormally low volumes of 
distribution (Table 111) and the failure of 
equilibration with either pleural, ascitic or 
edema fluid (Table I\.) would support this 
contention. The reported similarity between 
the initial volume of distribution of ferro- 
cyanide and intilin "space" or "extracellular 
fluid space" when large amounts of unlabelled 
ferrocyanide are injected is probably ex- 
plained by saturation of the ferrocyanide 
binding capacity of plasma protein at rela- 
tively low plasma concentrations (10 mg %#) 
of ferrocyanide. When the absolute amount 
of ferrocyanide injected approaches tracer 
quantities, however, the fraction bound to 
protein becomes appreciable and introduces 
a significant error. 

The demonstration by electrophoresis that 
at pH 7.4, 12-1870 of the added radioactivity 
migrated with the albumin fraction must be 

considered at best a rough approximation of 
the magnitude of the binding which might 
have occurred in vivo. The inability to use 
dialysis or ultrafiltration technics and the 
relatively low level of radioactivity in the 
blood a t  equilibration prevented adequate 
study of protein binding in the in vivo ex- 
periments. 

The character of the protein-ferrocyanide 
bond is not clear. It does not represent com- 
bina tion of iron with the iron-binding-protein 
of the plasma, for the latter is a /3 globulin 
( 9 ) .  I t  may represent an example of the 
tendency of plasma proteins to bind a large 
number of inorganic anions. Human serum 
albumin has been shown to combine accord- 
ing to the law of mass action with several in- 
organic anions(9). This binding is to the 
pxitive charges in the protein molecule and 
decreases as the pH of the solution increases. 
A similar effect of pH was evident in the pres- 
ent study, since less ferrocyanide was bound 
at pH 8.6 (5" /0 )  than at  pH 7.4 (12-180J0). 

Summzry. 1) The fate and distribution of 
Fee'!' tagged ferrocyanide were evaluated in 
humans and dogs. 2 )  The tracer could not 
be detected in red blood cells, gastric juice, 
saliva or feces. 3 )  The apparent volume of 
distribution of the tagged ferrocyanide was 
frequently smaller than the assumed extra- 
cellular space, and in 3 instances was less 
than the simultaneously measured inulin 
space. 4) I n  vitro binding to plasma albu- 
min was demonstrated by electrophoretic and 
protein precipitation technics. 5 )  Because 
of its binding to plasma protein and rapid ex- 
cretion by the kidneys, radioactive ferrocy- 
anide is considered unsuitable as a measure 
of extracellular fluid. 

The authors wish to thank Mrs. Eva Taborsky for 
her invaluable technical assistance and Dr. Willough- 
by Lathem for his help with the electrophoretic 
studies. 
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A previous publication( 1) has shown that 
maximal propagation of the PR-8 strain of 
influenza virus by in vitro cultures of chorio- 
allantoic membrane was dependent on readily 
available sources of energy. Recent studies 
revealed that penetration of the virus and 
utilization of cellular energy for viral synthe- 
sis were dependent also on adequate concen- 
tration of K*. and that pyruvate provided a 
more sensitive system than glucose for study- 
ing relation of potassium deficiency to virus 
synthesis( 2 ) .  It has now been observed that, 
while glucose as sole carbon source for cells 
permits them to propagate both the parent 
WS and the derived neurotropic NWS strains 
of influenza virus, the substitution of pyru- 
vate for glucose as carbon source permits 
propagation of only the parent strain WS. It 
appears the differences between these two 
strains depends not solely on host cells chosen, 
but also upon subtle differences in relation 
between viral synthesis and sources of energy 
for the cells. 

Materials and methods. Virus. Influenza 
A viruses, strains WS(3) and NWS(4), were 
maintained by propagation in the allantoic 
sac of 10- to 1 1-day-old chicken embryos. All 
viral inocula were from allantoic fluid stored 
in hermetically sealed vials in a dry ice chest. 
Dilutions were made in phosphate buffer pH 
7.3 to 7.4. Egg infectivity titrations (EIDBo) 

and reciprocal hemagglutinin titrations (HA) 
were conducted by usual methods ( 5 , 6 ) .  Tis- 
sue cultures were inoculated with lo3 to 104 
EIDSO. All data represent average values of 
3 experiments. The 112 th allantoic sac pas- 
sage of strain WS was received through the 
courtesy of Dr. R. R. Wagner. The 114th al- 
lantoic sac passage of strain WS was used in 
all experiments. Strain WS showed no neuro- 
tropic properties on intracerebral inoculation 
of mice. Lyophilized 8th mouse brain passage 
of strain NWS was kindly provided by Dr. 
R. W. Schlesinger. The 3rd allantoic sac 
passage of strain NWS was used in all experi- 
ments. In 7 subsequent intracerebral pas- 
sages in mice strain NWS produced a uni- 
formly fatal disease. Tissue cultures and sub- 
strate. Minced and washed chorioallantoic 
membranes from 10- to 12-day-old chicken 
embryos were used in all experiments, as pre- 
viously described (2 ) . Balanced salt solution 
(BSS) ( 7 )  without glucose and NaHC03 was 
used as the basal solution. Reagent gradet 
carbohydrates, pyruvate, etc. were used. The 
final medium was adjusted to pH 7.6 with 
sterile NaOH before addition of tissue and 
virus. 

Results. Table I summarizes data showing 
that chorioallantoic membrane tissue cultures 
( CamTC) maintained in 0.1% glucose sup- 
ported multiplication of influenza virus 

*This work was aided 'by grant C1657 from Na- 
tional Cancer Institute, U.S.P.H.S. and by funds from 
the Eugene Higgins Trust. 
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