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with methylcholanthrene in the carbowax 
vehicle. As shown in our table, 14, i.e. 24% 
of the “effective total number” of animals in 
Group II-A (receiving cortisone) developed 
tumors during the first 15 weeks of the ex- 
periment, as compared with 4 of 45 animals, 
or 9% in the control group, II-B. 

Our results ,suggest that there was an addi- 
tional increase in the number of tumor-bear- 
ing animals in the groups which received corti- 
sone and .in which excision-biopsies were per- 
formed at  intervals. This was apparent par- 
ticularly in the experiment with the benzene 
solution of methylcholanthrene (but was 
noticeable also in the experiment with the 
carcinogen in carbowax). Thus, in Group I-A 
(methylcholanthrene in benzene plus cortisone 
administration) 9 of 10 mice (9070) which 
had excisions performed, developed tumors by 
the end of the 9th week of the experiment-as 
contrasted with only 28 tumor-bearing animals 
(5770) among 49 mice (“effective total”) 
which had not been subjected to biopsies. On 
the other hand, 2 (2  5%) of 8 surviving mice 
which had been subjected to biopsies in Group 
I-B (control experiment with methylcholan- 

threne in benzene, without cortisone adminis- 
trations) showed tumors by the end of the 9th 
week, whereas 47% of the animals (“effective 
total”) in this group which were spared biopsy 
excisions, had developed tumors at that time. 

Summary. 1. Under the conditions of our 
experiments, the administration of cortisone to 
mice given external applications of methyl- 
cholanthrene in benzene or in carbowax 1500 
was followed by some reduction of the early 
inflammatory response and by an increase in 
the incidence of epidermal tumor formation 
per number of animals, as compared with the 
results in the control experiments without 
cortisone injections. 2. Biopsy excisions per- 
formed in the methylcholanthrene-exposed 
skin areas appeared to increase still further 
the incidence of tumor formation in the mice 
treated with cortisone. 

1. Berenblum, I., Arch. Path., 1944, v38, 233. 
2. Jaminen, K. A. J., Brit. Med.  J., 1951, v2, 1377. 
3. Dougherty, T. F., Fed. Proc., 1954, vlO(1). 
4. Nilzen, A., J .  Znv. Dermat., 1952, v18, 7. 
5 .  -Cell, P. G. H., and Hinde, I. T., Brit. J .  Ex@. 

Path., 195*1, v32, 516. 

Received March 5,. 1953. P.S.E.B.M., 1953, v82. 

Potassium Metabolism of Liver Mitochondria.” (20216) 
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I t  has long been postulated that the active 
transport of potassium (K) or of other alkali 
metal ions such as sodium (Na) by living cells 
involves the #intermediate formation of ion- 
carrier complexes( 1). More recently, in vari- 
ous cells and tissues, analysis of the kinetics of 
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K exchange by the use of radioactive tracer 
( K 4 9  has suggested that intracellular K is not 
homogeneous but that it may consist of sepa- 
rate fractions exchanging at  widely differing 
rates (2,3). Although this finding could be 
interpreted as indicating the formation of an 
ion-carrier complex, the evidence ik  inconclu- 
sive and it has become essential to attempt di- 
rect observations at  the sub-cellular level. 
Mitochondria were selected for study because 
aerobic phosphorylation has been implicated 
in K accumulation by kidney slices (4) and by 
retina( 5) ; and because the capacity for cat- 
alyzing aerobic oxidation and for the aerobic 
generation of phosphate bond energy has been 
localized for the most part to this fraction of 
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FIG. 1. Changes in iiiitocliondrial K / S  ratio fol- 
lowing repeated wadies in 0.15 31 SaCl a t  2°C. 
The 3 curres rqresent  three different esperiinents. 
The iiieaii K / S  ratios after 3 washings were: 25 
experiments with 0.15 M SaC1, 0.i9 S.D. ? 0.14; 
2 1  experiments with 0.075 31 SaC‘1, 0.77 S.D. +- 
0.W. I-nder the same coiiditioiis the K/S ratio of 
the nuclear fraction was about one-third that of 
the mitochondrial, hut eontamination of the former 
by the latter fraction cannot be excluded. I n  8 
rletermiiiatioiis the mean K / S  ratio of the intact 

liver was 3.3. 

tissue homogenates (6). Relatively high con- 
centrations of I( have been previously re- 
ported for liver mitochondria(7) and for the 
protoplasmic granules of Nitella (8) .  but no 
systematic studies have been made of the meta- 
bolic characteristios of this fraction of cell K. 
Direct evidence has been obtained in our 
studies that there is (‘non-exchangeable”: K 
associated with liver mitochondria and that 
the turnover of this K in an in vitro system is 
in part dependent on aerobic metabolism. 

Methods. Mitochondria1 suspensions were 
prepared from rabbit liver by minor modifica- 
tions of the technic of Lehninger(9). After 
homogenization in ice-cold 8.5% sucrose, the 
nuclear fraction was spun down in a refriger- 
ated centrifuge at 600 x G for 5 minutes and 
was discarded; the supernatant was adjusted 
to 0.15 M NaCl by ‘the addition of 1 kl NaCl, 
and the mitochondrial fraction deposited by 
centrifugation at 1,600 x G. The mitochondria 

The expression “bound K” is avoided since it 
tends to have a specific physico-chemical connotation. 
“Son-exchangeable” throughout the present text 
may be taken to imply “indiffusib!e” or “not partici- 
Dating in simply physical eschange with am,bient 
cations”. This definition does not preclude ex- 
change mediated .by the expenditure of energy 
derived from imetsllbolic nprrcesses. 

were then washed by resuspension in 10 vol- 
umes of chilled 0.075 M NaCl; similar results 
were obtained using 0.15 M NaCl (Fig. 1). 
The final mitochondrial deposit was suspended 
in a small amount of saline and incubated in 
Warburg vessels according to standard tech- 
nics. Samples of fresh mitochondrial suspen- 
sion and of mitochondria harvested after in- 
cubation were taken for electrolyte determina- 
tion (internal standard flame photometry) 
and for nitrogen analysis (micro-Kjeldahl) ; 
results are expressed as mEq of electrolyte/ 
g of mitochondrial N. The sample for elec- 
trolyte analysis was digested in conc. HNOS 
and the volume made up to 10 ml ; when radio- 
active isotopes were used 2 ml of this dilution 
was taken for counting with an end-window 
Geiger-Muller tube. In each experiment the 
electrolyte content and radioactivity of the 
separated incubation medium were determined 
directly. The extent of equilibration between 
mitochondrial and medium electrolyte was ex- 
pressed as the specific activity-ratio; this was 
calculated as specific activity of electrolyte in 
the mitochondria divided by specific activity 
of electrolyte in the medium. Oxygen con- 
sumption (qO2) was calculated as pl oxygen 
consumed per hour per rng mitochondrial N. 

Results. It was not possible to obtain a K 
free suspension when mitochondria were 
washed repeatedly with cold NaCl solution 
during their preparation ; the mitochondrial 
K/N ratio of approximately 0.80 remained 
virtually constant between the third and tenth 
wash (Fig. 1 ) . This %on-exchangeable” K of 
the cold mitochondria constituted a t  least 
1.8% of the total K of rabbit liver; this is a 
minimal estimate based on an assumed com- 
plete recovery of the mitochondria during 
their preparation. 

Suspensions of ‘thrice washed mitochondria 
(M3L) were incubated in the Warburg appara- 
tus at 2 5 “C. In the standard procedure each 
vessel contained 1 ml M3L (5-7 mg N),  30 
pill Na a-ketoglutarate, 60 pM tnis (hydroxy- 
methyl) aminomethane buffer (pH 7.4), 5 
p M  MgCL, 75 p h l  KCl, trace amounts of 
and water !to a final volume of 3 ml; oxygen 
in the gas phase. Although cytochrorne-C was 
added in some experiments no requirement for 
it could be establiished and it was generally 
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2. Eauilibration of mibochondrial K with 
medium K lduring aerobic incubatiton. Cup com- 

ponents as in standard procedure, see text. 

omitted. Following incubation, flask contents 
were decanted into 100 ml plastic tubes, flasks 
rinsed with chilled 0.1 5 M NaCl and the mito- 
chondria deposited by centrifugation at  2 “C. 
Harvested material was washed 3 times with 
75 ml of cold saline and then analysed for 
radioactivity, total K and N. Equilibration 
between mitochondrial K and the labelled K 
of the medium was about two-thirds complete 
with this system after 60 minutes incubation 
(Fig. 2).  In 22 experiments the average K/N 
ratio after 60 minutes incubation was 109% 
of the pre-incubation value. Thus a biological 
steady state can reasonably be assumed even 
though a precise kinetic analysis cannot be 
made because of the time required to “harvest” 
the mitochondria by this technic. 

The contributions made by each of the 
components in this test system are indi- 
cated in Table I. The highest K/N ratios and 
most complete K exchange were obtained 
under conditions which permitted aerobic 
oxidation of added substrate. Comparable re- 
sults were obtained using a-ketoglutarate, cit- 
rate or succinate. In several experiments with 
a-ketoglutarate, anaerobic incubation yielded 
K/N ratios approximately 60% of the values 
obtained with the complete system, and the 
specific activity ratio was correspondingly re- 
duced. Anaerobic incubation with succinate 
produced similar but less regular results. No 
systematic attempt has yet been made to study 
the effects of anaerobic incubation in the pres- 
ence of various other substrates. It is con- 
ceivable that the K turnover found in the ab- 

ciated with the oxidation of endogenous sub- 
strate but the significance of this has not been 
expIored. Although the addition of adenosine- 
5-phosphate (AMP) or adenosinetriphosphate 
( ATP) greatly increased respiration, these 
compounds had no apparent effect on K me- 
tabolism and were therefore not routinely em- 
ployed. 

When mitochondrial K had been actively 
labelled with K42 during the period of incuba- 
tion, it was found that the final radioactivity 
was the same whether the harvested mitochon- 
dria were washed at  2°C with 0.15 M NaCl 
or with 0.15 M KC1 (Table 11). This experi- 
ment demonstrates the exchangeability of 
mitochondrial K in a metabolizing system and 
its failure to exchange with either Na or K 
during the washing procedure. However, cer- 
tain inconsistencies are noted when attempting 
to correlate K turnover with the degree of 
oxidative activity. During incubation, the 
procedures which reduced aerobic metabolism 

TABLE I.  C\o,mponent Study. For additions see 
standard procedure in text. Mi$ochondrial K/N 
ratio was 0.86 before incubation. Incubated 60 min- 
utes at 25OC. With the complete system the average 
specific activity ratio in 20 experiments was 0.65 

after 60 minutes incubation. 

Values after 
incubation 

Specific: 
ac tivit J 

go, K/N ratio 

Complete system 43 .9Q .64 
No a-ketroglutarate 15 .47 .70 
” Mga, 40 .73 .50 
” Tris buffer 42 1.05 .5 3 
” cytochrome 39 .86 .71 
” KL(” added 41 .50 .09 
” oxygen 2 5 9  .46 

TABLE 11. Incorporation of Ka into Mitochon- 
dria. After paired aliquots of mitochondria had 
been incubated with a-ketoglutarate for 1 hour, one 
sample washed 3 times with 75 ml of isotonic Nag1 
(2°C); the other sample washed with an equal 
volume of RCl, which represents a thousand-fold 
excess ‘of K for each wash. For discussion see text. 

Treatment of mitochondria after incubation 
,-Washed in Na(=l----- Washed 

Sp. activity in KC1 
W N ,  ratio, 1~42, 

Exp. mEq/g mito/media cts/rng N cts/mg N 

1 1.02 .82 136 104 
I .81 .71 152 154 9 

sence of added substrate (Table I) was asso- 
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only partially inhibited K exchange (Table I) 
while virtually complete inhibition of exchange 
is indicated for the cold, non-metabolizing 
niitochondria by the type of experiment shown 
in Table 11. An explanation for these incon- 
sistencies is not immediately at hand. 
-1 variety of experimental variables was ex- 

amined using the incubation procedure de- 
scribed above. K metabolism was not de- 
tectably influenced by a change in pH be- 
tween 7.2 and 7.6, but below pH 7.0 and above 
8.0 the K/N ratio was reduced with a parallel 
depression in respiration. 

i’ariations in osmotic pressure between 165 
and 300 mOsM/l had no significant effect on 
respiration or mitochondrial K. With higher 
osmotic pressures (produced by the addition 
oi either NaCI or sucrose) there was a pro- 
gressive fall in the K/1V ratio and in the oxy- 
gen uptake, so that a t  400 mOsM/l these 
values were about 30% of the controls. 

In  the standard experiment the final K con- 
centration in the medium was 25 mEq/l ; this 
was selected because of the constancy of the 
K ;1c’ ratios and the magnitude of K exchange. 
When lower concentrations of K were used 
there was a slight reduction in the K/N ratio 
but a more marked effect on the exchange re- 
action (Table I ) .  The effects of higher K con- 
centrations hare not yet been systematically 
esamined. 

In  a system to which no MgCl2 had been 
added, the presence of CaC12 (final concentra- 
tion 3 x 10-4 M) reduced markedly both the 
rate of oxygen consumption and the level of 
K niaintained by the mitochondria. The addi- 
tion of an excess of MgC12 (final concentra- 
tion 1.5 x 10” M) prevented the inhibitory 
effects of Ca on oxygen consumption; in some 
experiments depression of the K/N ratio was 
prevented, but this was not constant. 

surprising observation was the profound 
effect of inorganic orthophosphate on mito- 
chondrial K (Fig. 3) .  In  confirmation of the 
work of many others, orthophosphate was 
found to stimulate respiration but at the same 
time there was a marked lowering of the K 
content of the harvested mitochondria. No 
esplanation for the latter effect can be given 
at present but it may be pointed out 1) that 
the K S ratios fell to levels much lower than 

2os 0 

PM ORTHO P 
FIG. 3. Effect of orthophosphate on mikochondrial 
K. Standard procedure except for additions Qf 
orbhophogphate, indicated as p M  added per cup 
(final volume 3.0 ml). Osmotic pressure kept con- 

stant at 240 rnOsM/l by variations in NaCl. 

those obtained during anaerobic incubation 
and 2 )  that a maintained high level of mito- 
chondrial K is apparently not essential for 
aerobic metabolism under these circumstances. 

Various observations, including the effects 
of the addition of orthophosphate described 
above, suggested the possibility that changes 
in phosphorus metabolism were specifically 
concerned in the turnover of mitochondrial K. 
Previous work had also implicated aerobic 
phosphorylation as a determinant in Ithe main- 
tenance of normal levels of tissue K. A study 
was made, therefore, of the effect of 2,4-dini- 
trophenol (DNP) , measuring simultaneously 
the changes in both K and phosphate metabol- 
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fication and respiratory stimulation were mini- 
mal. The studies in phosphate metabolism 
will be described in detail elsewhere but the 
observed changes are presented schema.tically 
in Fig. 4 to permit comparison with the 
changes in K. Low concentrations of DNP 
( M) increased the amount of orthophos- 
phate which disappeared during incubation 
and there was a simultaneous reduction in the 
concentration of mitochondrial K. Intermedi- 
ate concentrations (l0-l M) of DNP, which 
are known to inhibit oxidative phosphoryla- 
tion, were found to diminish further the con- 
centration and exchange of mitochondrial K 
and to decrease orthophosphate esterification. 
The specific activhy ratio of K in the har- 
vested mitochondria a t  this concentration of 
DNP (10-4 M) was very low, much less than 
that obtained following incubation without 

0 oxygen. When the DNP concentration was 
increased to 1 0 3  M there was a marked stimu- 
lation of respiration and esterification of ortho- 
phosphate again increased, as did the apparent 
exchange of mitochondrial K. Further studies 

formed is completely hydrolyzed by N HC1 in 
have shown that the phosphate ester thus 

40 minutes at 100°C. The greater part of the 
ester formed could be recovered from the incu- 

t 
N2 

~ 

-6  -5 -4 -3 
bation medium, bult separate analysis of 
washed mitochondria showed that incubation LOG M 2,4=DNP 

Effect of DNP on mitochondrial K. The 
amount of orthophmhate esterilied under in the presence Of DNP produced an 

these conditions is shown &hema.ticall-y at top. 
Comparison with anaerobic incubation (without 

DNP) is indicated by N,. 

ism. These experiments revealed a previously 
undescribed polyphasic effect of DNP on 
phosphate metabolism and on respiration; 
they also suggest a relationship between K ex- 
change and the formation of certain phosphate 
esters. Very low and high concentrations of 
DNP each increased the esterification of 
added OrthophosphateQ in the absence of 
added phosphate acceptors and produced a 
considerable augmentation of oxygen consump- 
tion ; at intermediate concentrations, esteri- 

0 In a system without added orthophosphate DNP 
produd  similar effects on resphtion and phosphate 
esterifiation: the “apparent orthophosphate” esti- 
mated (Fiske and SubbaRow) in trich1o;racet.k acid 
extracts of harvested, )mitochondria showed a m- 
pletely ccmpamble polyphasic variation. 

increase in the 40-minute hydrolyzable phos- 
phate of the actual mitochondria1 particles. 
Since this concentration of DNP also in- 
creased the rate of exchange of mitochondria1 
IC it seems possible that the two phenomena 
are related. 

Further studies are now in progress to 
clarify the precise relatiomhip of K to the 
phosphate fractions of the mitochondria. It 
may be noted that DNP has virtually no effect 
on the small amount of Na demonstrable on 
the mitochondria (Fig. 5). The effect on K 
appears to be specific. 

Discussion. It is considered that the obser- 
vations described warrant the conclusion that 
there is a fraction of cell K, associated with 
the mitochondria, which may be “non-ex- 
changeable” under centain circumstances but 
which is capable of exchange under appropri- 
ate metabolic conditions. When metabolism 
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FIG. 3. Effect of D S P  on iiiitoehoiidrial S a .  Con- 
ditions as in standard procedure except tha t  a f te r  
iiicuba tioii the initoclioiidria were washed tlirec 
tiiiiev with chilled 0.13 ?ri KC1, instead of SaCl. 
In 5 esperiiiieiits tihe iiieaii ralues of the  control 
( i . c .  without D S P )  were: S a / S ,  0.34; :>lid speci- 
fic activity ratio, 0 . l T .  r i i t l r r  these conditions the 
iiiitoc1iondri;i croiit:iin niiic.11 less S a  than  K, aiicl i t s  

rate of twliaiige is  very low. 

is suppressed. both by cooling to 0-C and by 
simultaneous dilution of substrate, this K is 
apparently indiffusible and unavailable for ex- 
change with either the S a  or K of the wash 
fluid; during active metabolism the same frac- 
tion is in a state of dynamic exchange with 
ambient K. Although the highest K/N ratios 
and the highest rates of exchange were ob- 
tained under conditions which permitted oxi- 
dation of added substrate: certain observations 
indicated that the behavior of mitochondrial 
K could not be correlated directly or solely 
with oxygen uptake. Most striking were the 
extremely low K/N ratios obtained with added 
orthophosphate or after incubation with DNP 
concentrations higher than lod4 11. In both 
instances, although oxygen consumption in- 
creased, the K/N ratio in harvested material 
was lower than that observed after anaerobic 
incubation. In addition, ‘there was no cor- 
relation between K turnover and the respira- 
tory stimulation produced by AMP, nor be- 
tween K/N values and the increased oxygen 
consumption and phosphate esterification 
noted with M DNP. 

It must be emphasized that in a study of 
this kind the precise results obtained may be 
determined largely by the chosen experimental 
conditions. It is, therefore, not surprising 

that others have reached conclusions quite dif- 
ferent from our own. Thus, Harmon( 10) con- 
cluded that the mitochondria were fully per- 
meable to both Na and K and that accumula- 
tion did not occur even during aerobic me- 
tabolism. It may be noted that his analyses 
were limited lto determination of radioactivity 
and that the washing procedures were less 
thorough than ours ; moreover, all experiments 
were carried out in the presence of a concen- 
tration of orthophosphate which we have 
found to depress the level of mitochondrial K. 
While the present paper was in preparation 
Bartley and Davies(l1) reported that the 
establishment of concentration gradients for 
a variety of ions, including K, by kidney mito- 
chondria was dependent on metabolic activity. 
Both their experimental technics, and the re- 
sults obtained differ from those of the present 
investigation. From the standpoint of tech- 
nic it is noteworthy that they incubated in the 
presence of orthophosphate (0.01 M) and that 
after incubation the mitochondrial material 
was centrifuged down at  20°C and the deposit 
sampled for analysis without further washing. 
With this technic the mitochondria were Sam- 
pled while metabolism continued and the 
sample must have contained diffusible potas- 
sium in the extra-mistochondrial fluid ; with our 
own technic, metabolism was arrested and any 
diffusible K in extra-mitochondria1 fluid was 
presumably replaced in the course of washing 
by the Na of the wash fluid. Thus, whereas 
we were dealing with a very few micro-equiva- 
lents of K firmly associated with the mito- 
chondria, the K content of the samples taken 
by Bartley and Davies may have been largely 
determined by the K concentration in the 
original incubation medium. The K concen- 
tration used by them is not reported; but if 
this was high it is conceivable that the “im- 
measurably high” rates of K exchange which 
they observed represented equilibration be- 
tween added Kd*2 and diffusible K in the fluid 
between the mitochondrial particles. The 
slower turnover of the smaller amount of K 
on the mitochondria may have been completely 
masked. Extension and comparison of the 
two ‘technics should provide further insight 
into the problem. 

No attempt will be made to integrate all the 
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described phenomena; in fact, some of our 
observations as yet elude adequate explana- 
tion. Nonetheless, it has been demonstrated 
that mitochondria have an individual K me- 
tabolism and certain apparently specific mech- 
anisms have been elicited. Tbhe observations 
on the effects of DNP at high concentrations 
suggest that complexes may be formed be- 
tween mitochondria, phosphorylated deriva- 
tives and K ;  breakdown and resynthesis of 
such complexes could be responsible for the ob- 
served exchange of mitochondria1 K. If such 
a mechanism occurs in the intact cell it could 
conceivably be utilized for the function of K 
.accumulation ; these mitochondria1 mechan- 
isms may constitute an “ion-complex carrier” 
for K. 

Summary. Rabbit liver mitochondria con- 
tain K which cannot be removed by repeated 
washings with NaCl solutions at  2°C. This 
R fraction exchanges with ambient K under 
.appropriate metabolic conditions, indicating a 
dependence of K metabolism on aerobic oxida- 
tion. Orthophosphate depresses the mito- 

chondrial K level. A newly observed poly- 
phasic action of DNP indicates a specific rela- 
tionship between mitochondrial ester phos- 
phate and K exchange. 
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The function of the amniotic fluid is clearly 
defined but its origin, rate of formation and its 
fate represent controversial subjects among 
investigators in this field. Morphologic studies 
on cellular structures involved did not supply 
an adequate body of information to explain 
the formation of large amounts of amniotic 
fluid in certain pathologic states nor could it 
explain the rapid rate of replacement in the 
normal pregnant organism as demonstrated 
by Flexner and his associates(1). These 
authors reached the conclusion that the amni- 
otic fluid is completely replaced once every 2.9 
hours. Such a rapid turnover rate is con- 

* This investigation was supported Iby a Research 
Grant from the Wational Institutes of Health, Pub- 
lic Health Service. 

trary to the prevailing opinion that the amni- 
otic fluid represents a stagnant pool or con- 
sists of fetal urine which is swallowed by the 
baby. S<ince it would be difficult to present an 
acceptable technical, mechanical or morpho- 
logic explanation for the phenomenon de- 
scribed by Flexner, a critical examination of 
these experiments is in order. As a working 
hypothesis, one may regard the pregnant 
organism as a multi-compartment system 
which should lend itself to a mathematical 
approach provided certain reservations are 
kept in mind. Flexner and associates con- 
sidered this approach but apparently discarded 
it in favor of approximations which axe not 
entirely above criticism. The theoretically 
correct treatment of multicompartment sys- 


