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In earlier studies with isolated calf adren- 
a l s ( l ) ,  it was observed that suitable condi- 
tions for the biogenesis of corticoids were af- 
forded if the glands were perfused a t  body 
temperature with a well-oxygenated artificial 
medium. However, when oxygenation was 
omitted, negligible production of adrenocorti- 
cal steroids occurred. In subsequent studies 
of adrenal intermediary metabolism in which 
2,  3, 5-triphenyl tetrazolium chloride (TTC) 
was employed in place of oxygen as a hydro- 
gen acceptor ( 2  ) : no corticoids were produced 
despite concurrent oxidation of various &ley- 
erhof-Embden or Krebs cycle intermediates 
added to the perfusion medium. Rapid util- 
ization of these substrates was manifested by 
appreciably larger deposition of formazan 
(reduced TTC) in the substrate-exposed 
adrenals than in contralateral control organs. 
These findings suggested that “molecular oxy- 
gen or a reactive derivative, e.g. ,  *OH, 
H02*,  H20s, as opposed to hydroxyl ions de- 
rived from water, was essential for formation 
of one or more of the corticosteroid oxygen 
functions ( 2  ) .” Recently, Hayano and co- 
workers (3), employing HZ018, demonstrated 
that molecular oxygen! but not water, was 
utilized by the adrenal 1 lp-hydroxylase sys- 
tem in C-1 lp-hydroxylation of steroids. I t  
will be recalled that in the steroidogenic re- 
action sequence, this biomodification is 
usually preceded by 17~-and/or 2 l-hydrox- 
ylation( 4,s). Accordingly, if the failure of 
actively metabolizing glands to elaborate 
compounds F and Bt were attributable solely 
to an inability to perform 1 1P-hydroxylation 
under anaerobic conditions, one might antici- 

* The opinions or assertions contained herein are 
the private ones of the writer and are not to be 
construed as official or reflecting the views of the 
Savy  Department or the naval service a t  large. 

t These compounds and cortisone (E) are the 
major components of the steroidal secretion of the 
perfused calf adrenal( 1 ) .  

pate an accumulation of 1 1 -desosy precursors, 
z k . ,  Compound S and DOC. -4bsence of 
these or other steroidal intermediates sug- 
gested that among the large variety of en- 
zymes participating in formation of corticoids 
from acetate or cholesterol, there may be 
other systems which require molecular oxy- 
gen. The main objective of the present in- 
vestigation was to test this hypothesis by 
perfusing calf adrenals anaerobically with the 
artificial medium containing TTC and either 
(a)  ACTH or (b) model steroids as sub- 
s t ra tes. 

Materials and methods. Weighed calf 
adrenals, varying from 2.5 to 5.0 g, were ex- 
cised at  a local slaughterhouse, and dissected 
free of periadrenal fat and connective tissue. 
They were kept in an ice-cold, citrate-saline 
solution until cannulated and perfused via the 
adrenal vein, Details of the perfusion tech- 
nic have already been presented ( 1 ). Control 
groups of 2 left and 2 right glands were per- 
fused at  375°C in a multicycle system with a 
liter of artificial medium, continuously treated 
with a stream of 95% 02!’5% CO2 and com- 
posed of the following substances, in grams 
per liter: glucose 2.00, XaC1 5.2. KCl 0.20, 
CaC12 0.20, &lgS04 0.13, Xa HC03 0.60, N a  
H2P04 0.05. Experimental groups, compris- 
ing the 4 contralateral organs and differing in 
weight by less than 4%, were simultaneously 
perfused in another apparatus with a liter of 
the same medium. However, the latter was 
continuously treated with a stream of nitro- 
gen and contained 2.5 grams of dissolved 2, 
3, 5-triphenyl tetrazolium chloride (TTC). 
Use of this non-toxic, water-soluble tetrazo- 
lium salt as a physiological tool depends upon 
its interaction as a hydrogen acceptor with 
intracellular reductases, such as dehydro- 
genases, and its subsequent enzymatic reduc- 
tion to an insoluble formazan. It is probable 
that TTC (E’,, = -0.08 volt) is reduced by a 
variety of dehydrogenase systems requiring 
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TABLE I. Corticoid Output of Contralateral 
Groups of ACTH-Stimulated" Calf Adrenals Per- 
fused In 'Vitro with an Oxygenated or TTC-Forti- 

fied t artificial Medium. 

pg/hr/4 glands-, 

of perfusion Cortisol Cortisone terone F, E & 
T reatnien t Corticos- 

medium (F) (E) (B) B 
0, 858 217 304 1379 
N, + TTC 0 0 26 26 
Q, 5 i 1  216 545 1332 
N, + TTC 0 0 51 51 
0,t 925 156 259 1340 
X,+TTC$ 30 8 0 38 

* 25 I.U. of ACTH (Armour's ACTHAB). 
t 2.5 g/1 of 2, 3, 5-triphenyl tetrazolium chloride. 
$ Meau values for 2 perfusion experiments in 

which the control (0,) and experimental (TTC) 
effluents were coinbilled before analysis. 

coenzymes I or II(6) and that flavoproteins 
are the immediate electron donors( 7) .  Pre- 
vious studies(2) have shown that TTC com- 
petes with oxygen as a hydrogen acceptor, 
and that its reduction by the perfused calf 
adrenal to the stable, water-insoluble, deep- 
red pigment is essentially enzymatic. Either 
ACTH (25  I. U. of Amour's ACTHAR) or 
one of the diverse steroid substrates em- 
ployed, vuiz., Compound s, DOC, 21-desoxy- 
cortisone. progesterone and dehydroisoan- 
drosterone dissolved in propylene glycol, was 
added to the circulating fluids of both the ex- 
perimental and control glands. After a 1- 
hour perfusion, the effluents were collected 
and extracted with ethyl acetate. The ster- 
oid residues were fractionated by paper par- 
tition chromatography, and eluates of the 
various zones assayed by the Porter-Silber 
(Compounds F and E) , phosphamolybdic 
acid (Compound B) , and Zimmermann ( C19- 
ketosteroids) reactions. The extraction, chro- 
matography, and assay procedures have been 
described in detail (8,s). 

Results. Table I embodies analytical data 
of 4 experiments in which contralateral groups 
of ACTH-stimulated calf adrenals were con- 
currently perfused for 1 hour with the oxy- 
genated or TTC-fortified artificial medium. 
I t  clearly demonstrates that glands perfused 
anaerobically (N2 plus TTC) secreted little 
or no Compounds F, E and B in marked con- 
trast to control organs perfused aerobically 

(95% 0 2 / 5 %  COZ). That this disparity in 
output was due to failure in biosynthesis 
rather than release of corticoids was shown by 
analysis of the glands following perfusion. 
The experimental organs contained amounts 
of corticoids comparable to those recovered 
from unlperfused glands and totaling about 
25% of the residual content of the perfused 
contralaterals (approx. 1 10 pg/4 glands). 

I t  must be emphasized that under the ex- 
perimental conditions TTC does not appre- 
ciably destroy, alter or combine with Com- 
pounds F, E or B nor does it interfere with 
their chromatographic mobility, identifica- 
tion, or measurement. Recoveries of 94, 93 
and 107% were observed after a liter of arti- 
ficial medium, containling 2.5 g TTC and a 
mixture of these steroids (510, 210 and 310 
pg, 'respectively) had been circulated for one 
hour in a perfusion apparatus without 
mounted organs. 

Table I1 summarizes the results of 5 con- 
version studies in which contralateral groups 
of unstimulated calf adrenals were concur- 
rently perfused for one hour with the oxy- 
genated or TTC-fortified a'rtificial medium 
containing an added steroid substrate. The 
major transformation products were isolated 
and determined as previously described ; their 
identification by infrared analysis and melt- 
ing point has already been reported( 8). Al- 
though the aerobically perfused glands l lp- 
hydroxylated substantial quantities of 11- 
desoxycortisol and 1 1 -desoxycorticosterone to 
cortisol and corticosterone, respectively, an- 
aerobically perfused glands exhibited negli- 
gible 1 lp-hydroxylase activity. A similar de- 
pendence of the 2 1 -hydroxylating mechanism 
on the presence of molecular oxygen is evi- 
denced by the 21-desoxycortisone + cortisone 
conversion study. With respect to 17~-hy- 
droxylation, appreciable amounts of Com- 
pound F ( 17-OH-corticosterone) were recov- 
ered following aerobic but not anaerobic per- 
fusion of progesterone. Although Compounds 
F and B are the quantitatively major end- 
products, small amounts of 1 7 ~ -  and llp- 
hydroxyprogesterone have also been reported 
(10). Control ( 0 2 )  chromatograms did re- 
veal a moderate quantity of the latter inter- 
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TABLE 11. Coin-ersioii of Steroid Substrates by Contralateral Groups of Calf Adreuals Per- 
fused Ilt 7iti-o with an Oxygenated or TTC-Fortified Artificial Medium. 

-4mt of Major product(s) 
substrate formed in 1 hr 

Steroid substrate and niajor perfused f--mg--, Specific enzymatic 
transformation product (s j (mg) 0, TTC(X2) reaction (s) 

11-Desoxycortisol ( S )  
J. 

Cortisol (F) 

~~ 

20 
llg-OH 

X.5 .3 

11-Desosycorticosteroiie 30 
11p-OH 

13.4 .4 
J. 

Corticosterone (B) 

21-Desosycortisone 

Cortisone (E) 
J. 

70 
21-OH 

10.8 .6 

Progesterone 

L 
Corticosterone (B) 

Dehydroisoaiidrosteroiie 95 
AS-3@-0H + 
n4-3-ketoiie 

3. 

3. 
~~-;lndrostene-3,1T-dione 1.6 T.5 

11p-OH 
1 la-OH- n4-androstene-3,1 7-dione 4.4 .1 

mediates but there were no corresponding 
zones on the experimental ones. 

In marked contrast to the preceding enzy- 
matic oxidations, the conversion of the A5- 
3P-hydroxyl group to the h4-3-ketone readily 
occurred in the absence of molecular oxygen. 
Table I1 demonstrates that the anaerobically 
perfused organs produced a total of 7.6 mg of 
h4-androstene-3, 1 7-dione compounds as com- 
pared with the control value of 6.0 mg. In- 
ability to 1 1P-hydroxylate A4-androstene-3, 
17dione formed corroborates the previous 
finding that this biosynthetic reaction is oxy- 
gen-dependent. 

To ascertain whether anaerobically per- 
fused, actively metabolizing adrenals pro- 
duced appreciable quantities of a Clo or C p l  

precursor or intermediate of the adrenocorti- 
cal hormones, the combined steroid residues 
of 2 ACTH-stimulation experiments were sub- 
jected to a series of successive paper chro- 
matographic fractionations in toluene-propy- 
lene glycol ( 1 1 ) and ligroin-propylene glycol 
partition systems( 12). In view of the dem- 
onstrated 3P-dehydrogenase activity of the 
glands under anaerobic conditions, it was rea- 
soned that there might be an accumulation of 
progesterone (and A*-androstene-3, 17-di- 

one): if oxygen were not needed in the bio- 
synthetic reactions preceding formation of 
A5-pregnenolone (and dehydroisoandroster- 
one, the putatively im'prtant intermediates 
in costeroidogenesis). A 72-hour partition in 
the toluene system followed by an 18-hour 
resolution of the runoff revealed a weakly pos- 
itive cortisol zone but no other zones absorb- 
ing in the UV or positive to triphenyltetra- 
zolium chloride (TPTZ) or Zimmermann 
color tests. Thus, no significant amounts of 
cortisone (E), 1 1-desoxycortisol ( S )  or corti- 
costerone ( B )  were detected. The 18-hour 
toluene overflow was systematically chro- 
matographed for 48, 24 and 8 hours in the 
ligroin system. Essentially negative UV 
scanning and spot tests of these paper chro- 
matograms precluded the possibility of sig- 
nificant amounts of 1 lp- or 17~hydroxypro- 
gesterone, 1 1 -desoxycorticosterone (DOC), 
dehydroisoandrosterone, A4-androstene-3, 17- 
dione, A5-pregnenolone or progesterone. Pure 
samples of all the aforementioned steroids 
were concurrently chromatographed on 1-cm 

$ We have observed at  most only minute amounts 
of C,, steroids in the effluent of the isolated perfused 
calf adrenal. 
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strips as reference standards and identified. 
Absence of a substantial quantity of one or 
more C*lOz steroids in the experimental ef- 
fluents stands in sharp contrast to the control 
effluent content which comprised, aside from 
other quantitatively minvr components, a to- 
tal of approximately 3 mg of Compounds F, 
E and B. Thus, it would appear that molec- 
ular oxygen is required not only in the 1 7 ~ - ,  
2 1-, and 1 lp-hydroxylation systems but also 
in one or more of the pre1,iminary enzymatic 
reactions which result in formation of the 
CZ1O2 steroid nucleus. 

Discussion. It is noteworthy that the 3p- 
dehydrogenase system, which does not require 
an oxygen atmosphere, catalyzes an oxidation 
reaction entailing a net loss of hydrogen, 
whereas the 3 oxygendependent hydroxylat- 
ing systems examined cataIyze an oxidation 
resulting in a net increase in the oxygen con- 
tent of the steroidal endqxoduct. The latter 
findings recall the observations made by Conn 
et aZ. (13) of an enzyme system in wheat 
germ involving a peroxidase which catalyzes 
the oxidation of TPNH by molecular oxygen, 
and by Brodie et aZ.( 14) of .a peroxidase-like 
system in liver microsomes which requires 
TPNH and oxygen to hydroxylate aromatic 
compounds. It is possible that there may be 
similar peroxidase-like systems in adrenocor- 
tical tissue which with TPNH and molecular 
oxygen selectively introduce hydroxyl groups 
into the steroid nucleus, perhaps via peroxide 
formation. This hypothesis appears more 
plausible if one recalls that the 1lp-, 1 7 ~ - ,  
and 2 1-hydroxylase mechanisms have all been 
shown to require TPN or TPNH for optimal 
activity(4). 

In evaluating the present data vis-a-vis the 
dependence of these hydroxylases on molecu- 
lar oxygen, it is important to consider the 
quantitative aspects and nature of the cellu- 
lar energy produced anaerobically in relation 
to the oxidative changes studied. Under the 
experimental conditions, A F N - 6000 cals/ 
mole TTC reduced. Moreover, since oxida- 
tion of a methyl group or ring methylene 
group to the corresponding methyl01 or sec- 
ondary hydroxyl function involves a libera- 
tion of free energy, it is reasonable to assume 

that oxidation of C-21 or C-11 would likewise 
have a negative A F and entail liberation of 
free energy whether coupled to 0 2  or TTC as 
the final electron acceptor. Although it is 
difficult to estimate the free energy change in- 
volved in the C-17~  oxidation without an ap- 
propriate model for comparison, it seems rea- 
sonable that, if not exergonic, at least it does 
not require an unavailable level of free en- 
ergy input. 

With respect to the intermediary metabo- 
lism of the TTC-perfused adrenals, previous 
studies( 2 )  have demonstrated that all of the 
added Meyerhof-Embden and Krebs- Johnson 
carbohydrate intermediates were readily util- 
ized. Thus, whether the energy is derived 
from the concurrent functioning of the gly- 
colytic and/or the terminal aerobic pathway 
( 15,16) , it would appear from the aforemen- 
tioned considerations of the free energy and 
oxidation changes that active reduction of 
TTC would support the steroid hydroxylating 
mechanisms if they proceeded independently 
of moleculax oxygen. 

Summary. Isolated, ACTH-stimulated calf 
adrenals, perfused anaerobically (N2) with 
TTC as a hydrogen acceptor, failed to elab- 
orate Compounds F, E, B or a ster- 
oidal intermediate despite an active oxidative 
metabolism. Specific enzymatic conversion 
studies with added steroid substrates demon- 
strated their inabiIity to perform llp-, 17~- ,  
and 2 1-hydroxylations under anaerobic con- 
ditions although they were able to transform 
the A5-3p-hydroxyl group to the A*-3-ketone. 
I t  would appear that the hydroxylases, which 
selectively introduce hydroxyl groups in the 
side chain or nucleus, require molecular oxy- 
gen (or a reactive derivative) in contrast to 
the 3P-dehydrogenase system, which cata- 
lyzes the oxidation of an existing oxygen 
function. 

The authors are grateful to H. B. Bond for his 
valuable technical assistance. 
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Effect of Eastern Equine Encephalomyelitis Virus Infection on Phosphate 
Transfer and Modification by Cortisone.* (22387) 

R. D. HIGGINBOTHAM,~ E. V. STEWART, L. P. GEBHARDT, AND L. T. SAWELS. 
Departments of Bacteriology and Biological Chemistry, University of Utah College of JIedjcine, 

Salt Lake City .  

The biochemical approach to the study of 
viruses and their relation to host cell has pro- 
duced numerous reports on alterations of host 
cell metabolism due to virus infection. The 
most prolific source of information has arisen 
from investigations concerned with effects of 
bacteriophage on its host cell, and these have 
been furthered by use of radioactive isotopes 
(1-3). Similar investigations in the field of 
animal viruses have not always been so easily 
resolved as those with bacteriophage, largely 
due to heterogeneous mixture of cells in host 
tissue and the difficulty in distinguishing the 
direct effect produced by virus on infected 
cells from indirect effects on neighboring cells 
and the organism as a whole (e.g., inflamma- 
tion). Anderson. et al. (4) .  using radioactive 
phosphate, reported that infection of monkey 

* This and  related studies constituted thesis sub- 
mitted by senior author to the Department of Bac- 
teriology, University of Utah College of Medicine, 
Salt Lake City, in .partial fulfillment of the degree 
of Doctor of Philosophy. This research was sup- 
ported in part by contract with U. S .  Atomic Energy 
Commission. 

t Present address: Department of Anatomy, Uni- 
versity of Utah College of Medicine. 

brain tissue with Lansing poliomyelitis virus 
produced significant changes in rate of phos- 
phate turnover in infected areas of the brain, 
and suggested that it was due to an increased 
metabolic activity. Since these changes were 
detected in specific activities of total acid- 
soluble organic as well as in inorganic phos- 
phate fractions, the authors discounted the 
possibility that these changes could be due to 
injury. No significant alterations in transfer 
rates from blood to spinal fluid were observed. 
On the other hand, Rafelson, et aZ.( 5 ) :  found 
no changes in turnover of organic acid-soluble 
phosphates of day-old mouse brain tissue cul- 
tures infected with Theiler’s GD 1’11 virus 
which could be related to virus synthesis, al- 
though changes in other phosphate fractions 
attributable to virus synthesis were observed. 

I t  therefore seemed of interest to investi- 
gate the effect of a neurotropic virus on the 
phosphate turnover in infected mouse brain 
tissue in vivo to determine if the effect of the 
virus infection was due to an actual metabolic 
requirement for virus synthesis or merely to 
an increased rate of transfer associated with 
inflammation. 

Materials and methods. Swiss albino mice 


