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plate through the hypertrophic zone may 
also be a factor. 

In this experiment, intra-osseous injection 
of papain caused significant acceleration of 
bone growth in 26 (41%) of the 63 animals 
followed for more than one month (Table 
11). Comparison of these results with the 
reported effects of various surgical implan- 
tations and other operative procedures ( 1 1, 
13) on bone performed in laboratory ani- 
mals shows that the highest percentage of 
animals with significant acceleration of longi- 
tudinal bone growth was noted after intra- 
osseous injection of papain. 

Summary. A series of injections of papain 
protease, in doses of 0.2 or 0.3 mg, was ad- 
ministered into the proximal tibial metaphy- 
sis of 89 immature rabbits and the effect on 
the epiphyseal cartilage plates and on longi- 
tudinal growth observed for periods up to 4 
months. Twenty-six of 63 animals followed 
1 to 4 months had a relative elongation of 
the injected tibia of 3 to 6 mm. Significant 
retardation and moderate damage to the epi- 
physeal cartilage plates of the injected tibia 
occurred in 3 animals on the higher dosage 
schedule. Histological studies of the tibial 

epiphyses a few days after one or two injec- 
tions of papain disclosed transverse splitting 
through portions of the hypertrophic zone 
and a marked increase in thickness of the 
cartilage plates. 
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Interaction of Aldosterone with Liver and Kidney Cell Membranes and 
Subcellular Fractions of Kidney. (28373) 

E. T. DAVIDSON,* F. DEVENUTO AND U. WESTPHAL~ 
Biochemistry Division, U. S.  Army Medical Research Laboratory, Fort Knox, K y .  

The binding of steroid hormones to serum 
proteins is being actively investigated in an 
effort to clarify problems of transport as 
well as of regulation and mechanism of their 
action. This subject has been reviewed( 1,2). 
The possibility that a correlation exists be- 
tween the binding of steroid hormones to 
target tissues and the mechanism of action 
of such steroids has led to studies of steroid 
interactions with various tissues and their 
biological components (3- 1 1 ) . 

* Present address : Watson Clinic, Lakeland, Fla. 
t Present address: Biochemistry Dept., Univ. of 

Louisville School of Medicine, Louisville, Ky. 

We have previously reported( 12) the in- 
vestigation of aldosterone binding by serum 
proteins and the displacing effect of spirolac- 
tones and other steroids. It was considered 
of interest to study the interaction of aldo- 
sterone with possible binding sites of its 
target tissue, the kidney. The binding of al- 
dosterone to kidney and liver cell membranes 
and to kidney subcellular fractions was de- 
termined and compared with the binding of 
other steroid hormones. 

Methods. Male Sprague-Dawley rats weigh- 
ing 250-300 g and large male New Zealand 
rabbits were used in these experiments. The 
animals were sacrificed by a blow on the 



388 INTERACTION OF ALDOSTERONE 

head and were immediately exsanguinated 
through the carotid-jugular system. The cap- 
sules were stripped from the kidneys to al- 
low optimal red cell washout and the kid- 
neys were perfused through the renal vein 
with saline, pH 7.4. The livers were also 
perfused with saline, pH 7.4, through the 
portal vein prior to removal. All experiments 
were carried out a t  0-4OC. 

For isolation of cell membranes from the 
liver and kidney, 50-100 g of tissue were 
used. The livers were utilized as soon as 
they had been removed from the animal 
whereas the kidneys were immediately frozen 
and processed within 30 days. Comparison 
of binding results obtained with freshly re- 
moved kidneys or with kidneys kept frozen 
for a month showed no difference. Whole 
parenchymal tissue was used for isolation of 
cell membranes obtained from the liver and 
kidney tissues. 

Fig. 1 shows the scheme applied for iso- 
lation of liver and kidney cell membranes. 
The experimental details concerning prepara- 
tion of homogenates, disintegration of the 
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FIG. 1. Scheme for isolation of membranes from 
liver and kidney cells. 

* The precipitate is  resuspended in distilled wa- 
ter, pH 7.5, and centrifuged at the stated gravity. 
For P, and P,, which are layered above P2 and P,, 
respectively, the resuspension is achieved by flotn- 
tion. 

**I f  Po is present or P, is  contaminated with 
mitochondria, P, is further washed and centrifuged 
twice more, otherwise the membrane precipitate is 
resuspended and washed once in phosphate buffer, 
pH 7.6, fi  0.1. 

cells, and procedures for isolating cell mem- 
branes are the same as those described by 
Neville( 13). During the preparation the cell 
membrane fraction was examined for purity 
by phase contrast microscopy. The final mem- 
brane preparation appeared free of contami- 
nation or, as in a few preparations, an iso- 
lated mitochondrion or nucleus could be seen 
on a slide prepared for microscopic observa- 
tion. 

To study the interaction of aldosterone 
and other steroids with cell membranes, the 
method of single equilibrium dialysis was 
used as described before( 12). For the study 
of the binding of steroids to liver and kid- 
ney subcellular fractions (nuclei, mitochon- 
dria, microsomes and supernatant) the meth- 
ods of equilibrium fractionation ( 1 1) and 
multiple equilibrium dialysis were employed 
( 14,15). The cellulose casings containing the 
cell fractions were dialyzed with gentle shak- 
ing at  4OC for a period of 24-48 hours. Pre- 
vious experiments ( 1 1 ) have shown that these 
times were sufficient for equilibrium to be at- 
tained. The cell membranes suspended in 
phosphate buffer, pH 7.6, p 0.1, were dialyzed 
against this same buffer containing the radio- 
active steroid. The protein concentration of 
the membrane preparation was determined by 
the biuret method and adjusted to 5.0 mg/ 
ml prior to dialysis. After dialysis protein 
concentration was checked and dry weight 
determined by drying an aliquot of the mem- 
brane suspension in the oven for 48 hours at 
100°C, storing in a desiccator for 24 hours 
and correcting for salt content, calculated 
from the salt concentration in the evaporated 
water. The other subcellular fractions were 
suspended in and dialyzed against 0.44 M 
sucrose also containing the radioactive steroid. 
The procedures used for preparation of I the 
dialysis systems, extraction and counting of 
the radioactive steroids have been described 

The following steroids were used: d-aldo- 
sterone-7-H3, specific activity 20 pc per pg; 
unlabeled d-aldosterone ; cortisol-7-H3, 28 pc 
per pg; cortisol-4-C14, 42.4 pc per mg; pro- 
gesterone-16-H3, 1.8 pc per pg and the spiro- 
lactone, SC-942O[ 3- (3-0x0-7 a-acetylthio-17p- 
hydroxy - A4- androstene - 1 7 u -yl) propionic 

(12). 



INTERACTION OF ALDOSTERONE 389 

D 

A,\ N i M M s j  S 

I ALDOSTERONE- 7-H’ 
PROGESTERONE-16-H’ 

;a 
STEROID E S I I  
BOUND 

AS 8 OF 
TOTAL 

cpm 

I I 
I 

I : 

~ - FRACTIONS CONTAIN BOTH FREE 
AND BOUND STEROID 

N-NUCLEI M-MITOCHONDRIA M,. MICROSOME 

0 - SUPERN ATE 

LIVER KIDNEY 

% 
STEROID 
BOUND 

TO CELL 
MEMBRANE 

40 

20 n 

I 1 

I I 

I I 

I 
I I 

I 
I 
I 1 

I 

I 

I 
I 

I : 
I 

L 

C VALUE 0.03 0.06 1.3 0.05 0.04 0.12 0.84 

Mg PROTElN/ML 4.9 4.9 4.8 5.2 5.6 5.3 5.3 

No. STUDIES 2 2 2 4 2 4 2 

.) 

FIG. 2. Interactions of aldosterone and proges- 
terone with rat  kidney subcellular fractions. I n  
the equilibrium dialysis, fractions corresponding to 
2 g wet kidney (except supernatant which corres- 
ponds to 0.4 g)  were suspended in 4 ml 0.44 M 
sucrose in individual cellulose casings and dialyzed 
against a total of 38 ml 0.44 M sucrose containing 
6.0 pg of aldosterone or progesterone. The results 
are averages of 2 experiments for aldosterone and 
4 for progesterone. I n  the equilibrium fractiona- 
tion, 6.0 pg of aldosterone or progesterone were 
equilibrated with kidney homogenate correspond- 
ing to a 10% suspension of 5 g wet kidney in  0.44 
M sucrose. Fractions were separated by differen- 
tial centrifugation in equilibrium with the original 
sucrose solution( 11). The results obtained with 
progesterone are averages of 3 experiments. For 
aldosterone 6.0, 0.9 and 0.01 pg were used; in the 
last experiment kidneys from adrenalectomized ani- 
mals were utilized. I n  these 3 experiments no sig- 
nificant differences were observed in  the percent 
binding of aldosterone and average values are re- 
ported. Range of values is indicated at the top of 
each bar. For quantities above 0.01 pg for al- 
dosterone and 0.6 pg for progesterone, carrier 
steroids were added. 

FIG. 3. Interaction of aldosterone, cortisol and 
progesterone with cell membranes from rat liver 
and rabbit kidney. The bars represent the steroid 
bound expressed as percent of total activity in the 
dialysis bag. The combining affinity (C-value) be- 
tween steroid and protein(22) is calculated as C = 

Bound steroid (cpm/ml) 
Unbound steroid (cpm/ml) X protein conc. (g/l) 

acid y-lactone] . The steroid concentrations 
used in these experiments are given in Fig. 
2 and 3. 

Results. The binding of aldosterone and 
progesterone to the subcellular fractions of 
the rat kidney, expressed as percent of total 
radioactivity (cpm) added to the equilibrium 
dialysis and fractionation systems, is shown 
in Fig. 2. No significant binding of aldo- 
sterone occurs with the nuclear, microsomal 
or supernatant fractions, whereas some inter- 
action is demonstrated with the mitochon- 
dria. The binding of progesterone by these 
fractions is greater than that of aldosterone. 
The binding values for the supernatant fluid 
in the equilibrium dialysis experiments indi- 
cate that the binding of aldosterone or pro- 
gesterone to the soluble proteins is not signi- 
ficant. I t  is important to note therefore that 
the values for the supernatant in the equi- 
librium fractionation experiment do not rep- 
resent bound steroid but mainly free steroid. 

Further to investigate the binding of aldo- 
sterone to cell fractions, the cell membranes 
of liver and kidney tissues were isolated. Fig. 
3 shows the o/o binding and the combining 
affinity (C-values) as determined by equi- 
librium dialysis at  4OC. I t  is evident that 
aldosterone interacts with liver or kidney cell 
membranes with less affinity than either corti- 
sol or progesterone. These results also show 
that progesterone is more strongly bound 
than cortisol. In the competition experi- 
ments with spirolactone (SC-9420) no dis- 
placement of aldosterone from the kidney 
cell membranes was observed, although the 
concentration of spirolactone was the same 
as that which displaced aldosterone from se- 
rum proteins ( 12). 

As shown in Fig. 3, the average protein 
concentration of the cell membrane suspen- 
sions is 5.2 mg/ml; where the dry weight of 
these same suspensions was determined and 
The following quantities of steroids were used in 
the liver experiments : 0.06 pg progesterone-16-H8, 
0.004 pg aldosterone-7-H8 or 0.75 pg cortisol-4-C4 
per 30 ml of total buffer solution. I n  the kidney 
experiments progesterone and aldosterone were 
added in same quantities as above, whereas 0.004 
pug cortisol-7-H8 was used. I n  the competition ex- 
periment with kidney cell membrane 0.004 pg 
aldosterone-7-H8 together with 340 pg of spirolac- 
tone SC-9420 were added per 30 ml buffer. Range 
of values is indicated at top of each bar. 
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corrected for salt content, the average value 
obtained was 7.4 mg/ml. Both liver and kid- 
ney cell membranes have a protein content, 
as determined by the biuret method, of 66% 
of the dry weight; this agrees with the value 
of 65% reported for skeletal muscle cell mem- 
brane ( 16). 

In other experiments rabbit kidneys were 
homogenized in phosphate buffer of pH 7.6, 
p 0.1, and brought to a protein concentration 
of 5 mg/ml. This unfractionated homogenate 
was dialyzed against the same buffer con- 
taining aldosterone, cortisol or progesterone 
of the same concentrations as those used for 
the cell membrane studies. The steroid bound 
to the total homogenate expressed as percent 
of the total radioactivity in the dialysis bag 
was 24%, 56% and 76% for aldosterone, 
cortisol and progesterone, respectively, simi- 
lar to the values obtained with the isolated 
cell membranes. 

Discussion. The mechanism of action of 
aldosterone on renal and other tissue cells is 
unknown. The possibility that this action 
may be facilitated by a local concentration 
of the steroid in one of the cell fractions 
which could be isolated was investigated, 
with particular emphasis upon the membrane 
of the cell. With all reservations for in vitro 
studies, the results shown in Fig. 2 and 3 
appear to indicate that none of the cell frac- 
tions investigated “concentrate” aldos terone. 
The other steroids used for comparison, corti- 
sol and progesterone, were found to be more 
strongly bound (or easily dissolved) than 
aldosterone. Since i t  has been indicated that 
aldosterone acts predominantly upon the dis- 
tal nephron( 17,18), it is possible that a bind- 
ing site for aldosterone exists on only a few 
renal cells or on a particular portion of the 
membrane or fraction of the cells. The low 
binding values reported here for aldosterone 
to renal cell fractions could be due to a low 
concentration of any specific binding site. 
However, our data do not seem to substan- 
tiate the concept of a particular binding site 
for aldosterone to kidney celI membranes 
since similar binding values were observed 
in the comparative study performed on liver 
tissue. Fig. 2 shows that the binding of aldo- 

sterone to the kidney cell fractions is also 
very low. These results indicate that if the 
mechanism of aldosterone action on the dis- 
tal tubules involves a firm binding of the 
steroid to the membranes, such attachment 
cannot be demonstrated by in vitro experi- 
ments of the present type. 

From the results in Fig. 2 and 3 the bind- 
ing of the steroids studied are in agreement 
with their solubility properties and follow 
the polarity rule(2). In comparison to aldo- 
sterone, progesterone is more lipophilic and 
contains less polar groups, qualities which 
generally result in a stronger affinity to se- 
rum proteins and cell constituents ( ll). Vari- 
ous investigators ( 16,19,2O) have reported 
that the lipid content of cell membranes and 
mitochondria is between 15 and 40% of their 
dry weight. In our studies the kidney and 
liver cell membranes were found to have a 
protein content of approximately 66% of 
their dry weight; a considerable portion of 
the remainder would undoubtedly consist of 
phospholipids. I t  was not determined in the 
present studies whether the steroids investi- 
gated are dissolved in the lipid fraction or 
bound to the proteins. The theories of steroid 
action and cell surfaces have been reviewed 
(21). 

In  the competition experiments between 
spirolactone and aldosterone using renal cell 
membranes, spirolactone (SC-9420) failed to 
affect aldosterone interaction with the mem- 
brane. These results do not support the as- 
sumption that the anti-aldosterone effect of 
the spirolactones is mediated by a displace- 
ment of the hormone from a specific attach- 
ment to the kidney cell membrane. 

Summary. 1. A simplified method for iso- 
lation of kidney and liver cell membranes 
is reported. 2. Aldosterone is weakly bound 
to kidney subcellular fractions as demon- 
strated by the techniques of equilibrium 
fractionation and equilibrium dialysis. 3. 
The liver and kidney cell membranes stud- 
ied were found to either take up the steroids 
according to their lipid solubility or to bind 
them in accordance with the polarity rule 
for steroid-protein interaction. 4. Spirolac- 
tone failed to displace aldosterone from the 
kidney cell membranes. 



BACTERIOPHAGE TRANSFER ACROSS PLACENTA 391 

The authors are greatly indebted to Dr. J. F. 
Tait, Worcester Foundation for Exp. Biology, for 
d-aldosterone-7-H3; to Dr. R. Gaunt, Ciba Phar- 
maceutical Products Inc., for d-aldosterone, free 
alcohol ; to Endocrinology Study Section, Dept. 
HEW, for cortisol-7-H3 and cortisol-4-C14; to Dr. 
V. A. Drill, G. D. Searle and Co., for spirolactone. 

1. Daughaday, W. H., Physiol. Revs., 1959, ~ 3 9 ,  
885. 

2. Westphal, U., in Mechanism of action of steroid 
hormones, C. A. Villee and L. L. Engel (eds.), Per- 
gamon Press, 1961, 33. 

3. Firschein, H. E., DeVenuto, F., Fitch, W., 
Pearce, E. M., Westphal, U., Endocrinol., 1957, v60, 
347. 

4. Ulrich, F., Am. J. Physiol., 1959, v196, 752. 
5. Munck, A., Scott, J. F., Engel, L. L., Biochim. 

6. Abelson, D., Depatie, C., Craddock, V., Arch. 

7. Butenandt, A., Gunther, H., Turba, F., Hoppe- 

8. Pearlman, W. H., Pearlman, M. R. J., J. Biol. 

9. Molinari, G., Lata, G. F., Arch. Biochem. Bio- 

et Biophys. Acta, 1959, v26, 397. 

Biochem. Biophys., 1960, v91, 71. 

Seyler’s 2. Physiol. Chemie, 1960, v322, 28. 

Chem., 1961, v236, 1321. 

phys., 1962, v96, 486. 

10. Harding, B. W., Samuels, L. T., Endocrinology, 

11. DeVenuto, F., Kelleher, P. C., Westphal, U., 

12. Davidson, E. T., DeVenuto, F., Westphal, U., 

13. Neville, D. M., J. Biophys. and Biochem. 

14. Daughaday, W. H., Kozak, I., Biederman, O., 

15. Westphal, U., Ashley, B. D., Selden, G. L., 

16. Kono, T., Colowick, S. P., ibid., 1961, v93, 520. 
17. Vander, A. J., Malvin, R. L., Wilde, W. S., 

Lapides, J., Sullivan, L. P., McMurray, V. M., 
PROC. Soc. EXP. BIOL. AND MED., 1958, v99, 323. 

18. Sonneblick, E. H., Cannon, P. J., Laragh, 
J. H., J. Clin. Invest., 1961, v40, 903. 

19. Marinetti, G. V., Erbland, J., Stotz, E., J. 
Biol. Chem., 1958, v233, 562. 

20. Lehninger, A. L., in Biophysical science-A 
Study Program, J. L. Oncley (ed.), John Wiley & 
Sons, 1959, p143. 

21. Willmer, E. N., Biol. Revs., 1961, v36, 368. 
22. Daughaday, W. H., J. Clin. Invest., 1958, v37, 

1962, v70, 109. 

Biochim. Biophys. Acta, 1962, v63, 434. 

Endocrinology, 1962, v71, 893. 

Cytol.,  1960, v8, 431. 

J. Clin. Invest., 1959, v38, 998. 

Arch. Biochem. and Biophys., 1961, v92, 441. 

511. 

Received March 8, 1963. P.S.E.B.M., 1963, v113. 

Passage of Bacteriophage +X 174 Across the Placenta in Guinea Pigs.* 
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Previous studies( 1-3) have shown that fol- 
lowing injection of large amounts of bacterio- 
phage into pregnant animals, trace amounts 
of phage could be demonstrated in foetal 
blood. For example, Medearis (4) injected 
los PFU of bacteriophage +X 174 into preg- 
nant mice and recovered O.OOOlo/, of the 
amount injected from the foetus; this re- 
covered amount was not influenced by in- 
jection of pregnant animals with endotoxin 
or exposing them to excess COa. I t  is pos- 
sible that in these experiments the very small 
amounts of virus found in the foetus repre- 

*Aided by grants from USPHS and New York 
City Health Research Council. 

sent contamination from maternal blood or 
fluids which occurred during the experimen- 
tal intervention. 

It was the purpose of this study to deter- 
mine whether transplacental passage of bac- 
teriophage occurs in vivo by excluding the 
possibility of foetal blood contamination by 
maternal fluids. 

Materials and methods. Animals. Preg- 
nant guinea pigs in each trimester of preg- 
nancy were obtained from breeders. 

Phage. The preparation and purification 
of +X has been described(5). The stock 
used throughout these experiments contained 
6 X loll plaque-forming particles/ml. One 


