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SUMMARY

One 150-pg dose of testosterone stimulates a rise in l)rostatic NADH of castrate rats

within 1 hr. This is followed by a decrease in NADH and an increase in NAD between
1 and 3 hr. Between 1 and 5 hr the sum of NAD + NADH is constant and is more than

twice that seen in either the intact control or the castrate control. Between 5 and 10 hr
after the inject.ion the NAD + NADH decreases toward the intact control level. The

NADPH concentiation is about 4 times the castrate or intact control value 2-4 hr after
injection. The ATP concentration decreases to a minimum value 1-2 hr after testosterone

injection, then increases quickly between 2 and 3 hr, and more slowly between 3 and 9

hr. Neither actinomycin D nor puromycin inhibits the NAD response assayed 8 hr after
testosterone injection. The possibility is discussed that androgen activates processes inde-
pendent of its activation of RNA and protein synthesis, and that part of such activation is

a redirection of energy metabolism toward the more efficient production of ATP.

INTRODUCTION

An effect of androgens on sensitive tis-
sues which have been made atrophic by

castration is a stimulation of oxidative

metabolism (1-5). The enzymic compo-
nents whose activities are most reduced

by castration and restored by androgen
injection are those associated with the

mitochondrion, for example: malate de-

hydrogenase and fumarase. The soluble

NADP-linked isocitric dehydrogenase is not
affected by castration, while both a-glycero-

phosphate dehydrogenase and lactic dehy-
drogenase activities are inerease(I as a result
of castration 61 . The ��ioce�ses of castra-
tion and! regeneration have been followed,

in part, by electron microscopy (7, 8).

Castration has been shown to produce a

decrease in the number of mitochondria per
cytoplasmic area. This effect becomes ap-
parent between 2 and 3 days after castra-

tion (8).
Unfortunately, most of the measurements

of oxidative capacities of tissues sensitive

to androgen have been made days after
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either castration or the injection of andro-
gen into a castrate animal. In a recent
report, however, Wicks and Villee (9) re-

ported an increase in both Q� and citric
acid secretion in seminal vesicle slices of
rats castrated for 4 days and injected with

testosterone 18 hr before the seminal vesi-
des were removed.

A second effect of androgens on sensitive

tissues is to stimulate RNA and protein
synthesis. In the seminal vesicle of wean-
ling rats (10) and castrate rats (11), the

prostate of castrate rats (3, 12) and the

kidney of the castrate mouse (13), RNA

synthesis proceeds more rapidly after tes-
tosterone injection. Such testosterone injec-
tion also increases the rate of amino acid
incorporation into l)rOtein (12-14). Sug-
gestions have been made (15, 16) that the
stimulation of RNA synthesis represents an
important part of androgen action: that it

may involve specific gene unmasking, al-
lowing the synthesis of certain specific

messenger RNA molecules. These RNA
molecules would presumably be associated
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with synthesis of enzymes in which the

castrate cell was deficient, and which were

required to allow cell restoration to begin.
In line with this idea is the finding that one

type of RNA made soon after testosterone
injection into castrates is nuclear in origin
(17, 18).

If the messenger RNA activation hy-

pothesis is true, it is necessary to find

enzyme systems which are deficient in
androgen-sensitive tissues of the castrate,
and which are stimulated by androgen. The

enzymes of the mitochondrion seem to rep-
resent such a system. It would also seem
very logical to have more efficient sources

of ATP manufactured as a prime requisite

to later recovery processes.

Our approach has been to measure the
change in pyridine nucleotide and ATP
concentrations during the first hours after

injecting testosterone into rats which had
been castrated 2 weeks previously. These

measurements were made using specific
enzymic methods. In addition the in vivo

change in pyridine nucleotide concentration
was measured as a change in the fluores-

cence emission from the surface of the
prostate. Both the change in steady state

pyridine nucleotid!e fluorescence and the
increment by which pyridine nucleotide
fluorescence was increased after the tissue
was made anoxic were measured in vivo.

Once the time course of the pyridine

nucleotide response was established, experi-
ments were done to determine the sensi-

tivity of the response to an inhibitor of
nuclear RNA synthesis, actinomycin D
(19), and an inhibitor of cytoplasmic pro-

tein synthesis, puromycin (20).

MATERIALS AND METHODS

Adult male Sprague-Dawley rats (180-
220 g body wt) were castrated 2 weeks

before the intramuscular injection of tes-
tosterone (Tti�vl Squibb, suspendled in
water). The dose used was 150 �g per rat
(21) in a volume of 0.1 ml actinomycin D

(a gift of Merck, Sharpe & Dohme, West

Point, Pennsylvania) was suspended in
70% ethanol, an(l injected intraperitoneally

in a 0.1 ml volume just after the testos-
terone. The concentrations of actinomycin

D which were used were 50, 100, 200, 300,

and 500 jig/rat (0.25-2.5 �g/g body

weight) . This dose range was chosen since
the response of the more sensitive estrogen-

stimulated uterine system had been shown
to be fully inhibited by a dose of 500 1�g
per rat (22, 23). Puromycin dihydrochlo-
ride (Nutritional Biochemical Corporation,

Cleveland, Ohio) w’as dissolved in water
and injected intraperitoneally just after

the testosterone. The doses of puromycin
were 10 and 20 mg/rat. These d!oses 8.5

and 17 �moles/g were 85-42.5 times greater
than the dose used by Liao and Williams-
Ashman (12) to inhibit in vitro protein

synthesis in a system whose ribosomal and!

soluble components were isolated from the

rat prostate. The 20 nig (lose �S 85 times

greater than that which blocked the in vitro

system (0.2 �.emole/nil). Castrates injected
with water at the same time as other
castrates wei.e inj ected with testosterone

serve(! as castrate controls. Uninjected in-
tact rats served as intact controls. The
control rats were sacrificed after the last

group of experimental animals, 8-12 hr

after the start of an experiment. Testos-
terone-injected castrates injected with 70%
alcohol served as controls for the testos-
terone-inj ected castrates injected with
actinomvein D. Testosterone-injected cas-

trates given an intraperitoneal injection of
distilled water served! as controls for the

testosterone-injected castrates injected with

puromycin.
Analytical an(l in vivo measurement of

pyridine nucleotide responses were made at
intervals after the testosterone injection.

The actinomycin D and puromycin-
treated-testosterone injected rats were sac-
rificed 8 hr after being injected, when the
NAD response had become stabilized. Ana-

lytical measurements of ATP were made
between 15 mm and 4 hr after testosterone
injection.

Preparation of tissue. Each prostate was
exposed and freed of fat and connective
tissue by careful dissection while the rat
was anesthetized with 50% CO2, 50% 0,
(24). The prostate was excised, blotted,

and then frozen between 2 aluminum blocks
precooled with liquid nitrogen. The elapsed
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time between tissue excision and freezing

was 5 sec or less. Since it required! about

5 mm to anesthetize each rat and to per-

form the dissection, and since piostates
from 5 rats were used! in each determina-
tion, each point in the results from such

dletelIfliflatiofls mel )resents the indicated
time plus 20-30 mm. Analytical results
indicating maxima or minima in the con-

centrations of pyridine nucleotides or ATP

were checked in separate experiments 3 or
4 times.

Analytical methods. After the prostates

were frozen, a group of 5 for each time
interval were pulverized in a Teflon percus-
sion mortar precooled to liquid nitrogen

temperature. Half of the pulverized tissue

was used for AI)P, ATP, and oxidized
pyridme nucleotide analyses, and the other
half � used for reduced pylidline nucleo-

tide analyses. Pyridine nucleotides, A1)P,

and ATP were extracted from the frozen

powder by the l)roceduies of Williamson,

TABLE 1
Prostrate protein concentrationS �n caStrate and int(Ict

controls and in castrates 1-8 hr after the injection

of 150 J2� of testosterone

Subject Mg protein /g wet wt

Castrate control 324

2 hr testosterone 26X

3 hr testosterone 318

6 hr testosterone 295

7 hr testosterone 279

S hr testosterone 345

Intact control 277

Mean protein concentration 301 ± 10

and the analyses were done using an
Eppendorf fluorometer (25). Recoveries of
oxidized pyridine nucleotides, ADP, and

ATP � quantitative. Recovery of

NADH � 80%. and NADPH, 70%. The
results have not been corrected for losses

of reduced pyridmne nucleotides. The l)ro-

tein content of the prostates was constant

in all samples, 30 ± 1% of the wet weight,

on the basis of biuret determinations. The
constancy of time protein concentration is
shown in Table 1.

In vivo determinations. The Ultropak

mnicrofluorometer of Chance and Legallais

26) was used as a single beam instrument
to measure the intensity of the fluorescence

emission stiiuulatec! by 366 iiip light from
a 1000-watt high pressure mercury lamp

t G(neral Electric AI-I-6) . At vam�ious times

after testosterone inj ection , each (astrate
�s’as anesthetized with urethan (0.5 g per

mat) , a tracheostonmy was l)eifornled, and

the prostate surface w� freed of connective
tissue. A discrete circular area of time

prostate, about 2.0 mm in diameter, was
brought into focus, and the rat was im-

mobilized to allow measurements to be
made. Total pymid!mne nucleotide coupled to
respiration was determined by allowing the
rat to breathe pure nitrogen until respira-

tion stopped, then pure oxygen after respi-

ration resumed, andl measuring the change

in intensity of pyridmne nueleotide fluores-

cence which resulted. Time largest contribu-
tion from such a response is thought to

come from that pyridine nucleotide which
is bound to protein (e.g., that bound! to
intramitochondrial sites). Such l)inding re-

sults in the intensification of fluorescence

froiii reduced pyridine nucleotide from 2.3

to 5.8 times (27).

The change in pyridine Ilucleotide redox
state in vivo was also followed fluoromet-

rically. The castrate rat was prepared as
already described, but testosterone was not
inj ected until basal pyridmne nucleotide
fluorescence was being recorded from the

piostate. Then testosterone was injected
and! the response was followed for several
hours.

RESULTS

Figure 1A shows that the prostatic NAD

concentration changes in a cyclic manner
(luring the first 12 hr after testosterone is
injected into a castrate mat. Maxima which
are statistically significant are seen 3-5 and
8 hr after the injection. The NADP concen-

tration is significantly increased only at
8 hr. Time 12 hi NAT) and NADP concen-

trations are very close to those found! in time

prost�ttes of intact controls. Figure lB
shows that the NA1)H concentration in-

creased about 7 times (luring the first hour
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6 789 101112

Hours After Testosterone Control

FIG. 1. Oxidized (A NAD, � NADP, Part A)

and reduced (A NADH, #{149}NADPH, Part B)
J)yrldine nucleotide concen t rations in prostates of

castrate rats (0 hi), castrates given one 150-pg

injection of testosterone and sacrificed cit the lie/i-

cate(l intervaLs, and intact control rats (points at

the rig/mt end of time curves)

Part C of this figure shows oxidized plus reduced

NAD I� ATP ED. and ADP I concentrations.

The intact control value for prostatic ATP (not

shown) is 766 m�moles/g wet weight. The castrate

control concentration for ATP (also not shown) is

721 mpmoles/g. The standard error of the mean

is indicated beside each point where 3 or more

determinations were made. Each determination

\��55 d� in duplicate and involved l)rostatic tis-

sue from 5 or 6 rats.

of testosterone treatment. The magnitude
of the standard error (written l)eside the

point) indicates the variation in the size of
this peak, the means of duplicate analyses

in 4 experiments being 175.8, 23.8, 26.4, and
53.6 m1imoles/g. It is possible that this

NADH peak results from reduction of

NAD formed during the first hour after

injection and quickly reduced. After 2 hi
the NADH concentration has fallen to a
level tlmat is about 4 times that seen in time

castrate control. The NADH concentra-

tion stays at or below this level for the
remainder of the experimental interval. Time
NADPH concentration rises to about 4
times the castrate control value 1 hr after
testosterone injection. It is stable at this
level over the 1-3 hr interval, after which

it falls to a level about one-half that found
in the intact control. Most of time NAD

resl)onse at 3 hr can be attributed to oxida-
tion of NADH between 1 and 3 hr. About

60 mp.moles/g NADH is oxidized and about
70 in�mo1es/g NAI) is formed. Some reduc-

tion of NAD may occur between 5 and 6
hr, but the ratio of NADH formed to NAD

lost is not 1: 1. The 8 hr NAD peak could

arise partly by NADH oxidation. Between
6 and 8 hr, 25 rn��moles of NADH is oxi-

dized and about 40 m�moles of NAD is

formed. Such oxidation-reduction relation-
ships are not apparent in the case of the

NADP-NADPH system, nor do there
seem to be oxidation-reduction phase rela-

tionships between the NAD-NADH and
NADP-NADPH systems. Figure 1C shows

that the NAD + NADH peak concentra-
tion at 1 hi occurs when the ATP concen-

tration is at a minimum. During the first
hour as the ATP concentration decreased

about 600 m�mo1es/g, the ADP concentra-

tion increased about 100 mp.moles/g. Be-
tween 1 and 2 hr the cells of the prostate

contain maximal reducing power (NADH::
NAD = 0.0). The second NAD + NADH

peak, that at 3 hi’, occurs when the ATP

concentration has attained a plateau. At
3 hi the NADH: NAD ratio is about 0.09,
the l)eak largely due to the contribution

madle by NAD.
Tail 2 shows the effect of various doses

of actinomycin D on the concentration of

NAD 8 hr after an injection of testosterone.
These data indicate that the increased

NAD concentiation seen at this time in
testosterone-injected castrates is not al-

tered by actinomycin. Since the actinomy-
cm did produce such physical signs as an
increased! volume of peritoneal fluid, bloody

exudate in the lumen of the jejunum, and

diarrhea with occasional bloody stools, it

seems that the population of cells in the
inucosa of the small intestine responded to

the drug. The rats injected with 70% alco-
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FIG. 2. Change in pyridine nucleotide fluorescence in the ventral prostate of the castrate rat in re-

sponse to testosterone

Parts A and B show the effect of testosterone (T) injection on 2 different rats. Part C shows a con-

trol fluorescence tracing from the prostate of a rat injected with water (the vehicle in which the tes-
tosterone was suspended). The full width of each record is shown, as is the relative sensitivity used

for each experiment.
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TAI4IA� �
EffecL of actinomycin D (0-500 pg/rat) and puroinijcin

(0, 10, and �0 mg/rat) on the concentration of prostatic
NAD of castrate rats injected with testosterone and

sacrificed 8 hr after injection

Each dose of antibiotic was tested on a group of 5
or 6 rats. The data shown are the means ± the range

of duplicate NAD analyses for each group.

Dosage Prostatic NAD
per rat (mpmoles)

Actinomycin D (pg)

o 81.5±7.0

50 78.4 ± 6.0
100 74.5 ± 0
200 118.0 ± 3

300 92.8 ± 0

400 82.0 ± 0

500 86.6 ± 7

Puromycin (mg)

0 95.0 ± 9.0
10 93.0 ± 20.0
20 99.9 ± 9.0

h01 (aef�nomycin i) controls) dkl not have

these symptoms. These findings seemim to

indicate that the actinomycin was effective.

If this is so, and if the cells of the prostate
were affected as were those of the small

intestine, then perhaps de novo enzyme
synthesis in response to testosterone was
not necessary for the pyridine nucleotide

and ATP responses which occurred after
testosterone injection.

Table 2 also show’s that massive amounts

of puromycin injected immediately after

testosterone had! no effect on the NAD
response 8 hr after injection. Thus time

response seems to be independent of pio-
tein synthesis originating from messengem

RNA manufactured (luring post-castration

atrophy.

Figure 2 shows that the increased pyri-

dine nucleotide reduction can be recorded

in vivo with the Ultropak microfluorometer.
Parts A and B of this figure show the
response fromn ventral pmostates of two

L1��(3)�8-65� / I Hour

� ( ______

ull -0.lml H 0 -
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castrate rats given testosterone (abbrevi-
ated T on the figure). Part C shows that

the increased fluorescence is not seen in a
castrate injected! with water (the vehicle
in which the testosterone was suspended).

In part A of Fig. 2 pyridine nucleotide
fluorescence begins to increase 30 mm after

testosterone injection, and the rise in fluo-
rescence to a maximum level is essentially

complete within 50 mm. Part B of Fig. 2
shows that the process of increased pyridine

nucleotide reduction did not begin until 40
mm after testosterone injection and did not

go to a fairly stable level, but kept increas-
ing. These curves of changing pyridine

nucleotide fluorescence emphasize the quan-

titative differences between animals as me-
gards both the intensity of fluorescence
(amount of pyridine nucleotide reduced)
and the time when the increase in fluores-

cence began. These curves confirm both the
increase in reduction of pyridine nucleotide

about 1 hr after testosterone injection and
that the amount of reduction is variable
from animal to animal. However, the ana-

lytical results indicate that the peak pyri-

dine nucleotide red!uction gives way to a
highly oxidized! state in the prostate. Evi-

dence for such reoxidation was not seen in

this series of in vivo experiments involving
a total of 8 castrate rats injected with

testosterone.
Figure 3 is a copy of an experimental

record showing a cycle of pyridine nucleo-

tide fluorescence from the surface of the
ventral prostate of a castm-ate rat 5 hours

after the injection of 150 p.g of testosterone
in response to a nitrogen oxygen cycle. The

apnea and resulting tissue anoxia produced
by the inspiration of nitrogen caused an
increase in the intensity of fluorescence

emission above that seen when the rat was
breathing either air or oxygen. No change
in fluorescence intensity occurred until the

animal stopped breathing. Then there was
a cycle of increased fluorescence and a re-
turn of the fluorescence to that seen prior

to the apnea. Then the animal started
breathing, with little furtlmer change in

fluorescence intensity. This type of cycle
was reproducible from animal to animal,

while the usual type of N2-ft cycle (28),
used with kidney, liver, and brain, where
the animal breathes N2 and pyridine nude-

otides become reduced, then time animal
breathes 02 and pyridine nucleotide oxida-
tion occurs, was not useful in time case of

the prostate. The animals stopped breath-

j////

Increasing Fluorescence

Fio. 3. Changes in pyridine nucleotide fluorescence recorded from the surface of the prostate in a

castrate rat which had been in jected 5 hr previously u’ith 150 jig of testosterone

Fluorescence increased sharply about 0.5 mm after apnea, then decreased slowly to the point where

respiration resumed. Time resting fluorescence level was reached 10 mm after breathing resumed.
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ing before nitrogen inspiration produced

any significant effect in the redox state of

the prostatic pyridine nucleotide. It may
be that the cycle shown in Fig. 3 is largely

a result of homeostatic vasomotor changes
in response to the inspired nitrogen. Thus

the prostatic anoxia leading to increased
fluorescence intensity may be due to vaso-

constriction, and subsequent vasodilation
may result in the oxidation of that pyri-

dine nucleotide which had been reduced.
The parameter which was taken as an index

of total pyridine nucleotide linked to res-
piration was the largest increase in fluores-

cence recorded during the first N2.-02 cycle

from each animal.

0 4 8 12 16
Hours After One

15O�g Injection Of Testosterone

Fia. 4. Correlation of increment of the increased

fluorescence intensity obtained during the first

N,-O, cycle from time prostates of testosterone-

injected castrates (U) with the total pyridine

nucleotide present, determined analytically (�)

The analytical data are taken from Fig. 1.

Castrate control values are shown as points close

to time right ordinate.

Figure 4 shows a comparison of the in

vivo fluorescence of total pyridmne nucleo-

tide linked to respiration with the total
pyridine nucleotide detemmined analytically.

Each square in this figure represents the
change in fluorescence during the first
nitrogen-oxygen cycle from one animal.

The point on the left ordinate is from
the prostate of a castrate control rat, while
that at the end of the curve is from an

intact control. The analytical pyridine nu-

cleotide data are from Fig. 1. Despite the
scatter of the points from the in vivo ex-
periments the substances being measured

by both techniques are decreasing in con-
centration similarly over the 4-10 hr period

after testosterone injection. This compari-

son shows that the changes in prostatic

pyridmne nucleotide concentrations in re-
sponse to testosterone are likely to be real.

It is also likely that the largest contributor
to the response, especially during the last
6 hr, was NAD, and that, therefore, the
NAD measured analytically was not

formed from NADH during tissue prepa-
ration and extraction.

DISCUSSION

Time earliest response of the prostatic
pyridine nucleotide concentration was a
small increase in NAD during the first half

hour. Between 1/2 and 1 hr NADH in-
creased about 60 mj�moles/g while NAD
decreased only about 20 mjimoles/g. Dur-

ing the first half hour the main testos-

terone-stimulated process seems to be NAD

biosynthesis. During the second half hour
both NAD reduction and biosynthesis are
probably occurring. After this first hour

about 170 m1�mo1es/g of NAD + NADH

is present, whereas in the castrate control

about 70 mj�moles/g was present. This level

of about 170 mj�moles of NAD + NADH
is maintained from I to 5 hr after injection.
After 5 hr this sum begins to decrease, and

the fall is not associated with stoichionmet-
i�ic increases in NADP or NADPH. This
would seem to rule out any large-scale

transhydrogenase activation by androgen
as being important during the first 10 hr of

the testosterone-st imul ate(! response. Such
a conclusion has also been ieached by

Wicks and Villee for longem times after

androgen injection (9). Since the 1)rotein

concentrations of the prostates were con-

stant during the experimental interval, the

decrease in NAD + NADH cannot be ex-
plained! by increased prostatic water con-

tent. It seems more likely that the rise in
NAD + NADH between 0 and 1 hr after
testosterone injection and its maintenance
for the first 5 hr after such injection is
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melated to alteration in the scheme of energy
metabolism from that found in the castrate
prostate to that found in the intact control

prostate. The concentrations of pyridine
nucleotides are above castrate and intact

control levels only during the period from

1/2 hr to 6 hr after testosterone injection.

While the concentrations of pyridine nu-

cleotide in the castrate and intact control

prostates are very similar, there is consid-

erable evidence that the energy metabolism
in prostates from the two types of control
rats is very different. The energy metabo-
lism of the prostate in the castrate control

is probably largely based on aerobic gly-

colysis. This supposition is based on work

done by Levey and Szego (4, 5), Rudolph
and co-workem-s (1, 2), and by Williams-
Ashman (6). It is supported by the occur-
rence of maximum NADH concentration
and minimum ATP concentration in our
results, 1 hr after testosterone injection.

This is the sort of ATP: :NADH phase
relation which is seen in an oscillating sys-

tem of aerobic yeast cells, whose main
mechanism of ATP production is via
aerobic glycolysis (29). It is also likely
that some ATP is used during the first hour

for NAD synthesis (30, 31).

During the second and third hour after

testosterone the prostate becomes highly
aerobic. This is indicated by the low ratio
of NADH: NAD. The ATP level increases

very rapidly during the 2-3 hr interval.

Since most of the synthesis of NAD is com-
plete, it is likely that this ATP will be or is
being used for RNA synthesis, if there is a
close correlation between ATP synthesis
and RNA synthesis such as that found by

Feigelson and Feigelson (32) in livers of

cortisone-treated rats. This rapid rise in
ATP concentration seems to indicate that
either the i-ate of ATP production via gly-
colysis is proceeding very much faster, or

that a new source of ATP has come into
play. Electron microscopic data lead us to
favor the later possibility (7, 8). This is
supported by our finding of increased pyri-
dine nucleotide linked to respiration as soon
as 4 hr after testosterone injection, a time
at which the low NADH:NAD ratio, seen

first at 3 lii, is maintained. It is also sup-

ported by the finding that the intact control

prostate, containing very nearly the same

concentrations of all 4 pyridine nucleotides

as does the prostate 6-10 hr after testos-

terone, has a much more active oxidative
metabolism than does the castrate control
prostate (1, 2, 6). The activation of oxi-

diative metabolism has been known to occur
within 18 hr after an injection of testos-

terone (1, 2, 9). The data presented in this

paper indicate that this activation occurs
during the first hour after testosterone
injection.

The biosynthesis of NAD seems to be

indlependent of nuclear RNA synthesis or
nucleocytoplasmic RNA efflux (19). How-

ever, further study will be necessary to

i)IOve that the concentrations of actinomy-
cm D which we used were effective in in-

hibiting RNA synthesis. It is of interest

that Hamilton (22) was able to block
estrogen-stimulated RNA synthesis in the

uteri of castmated female rats with a dose

of 500 �g actinomycin D per rat and that
Chambers et al. (33) were able to block the
induction of rat liver tryptophan pyrrolase

activity with about 250 1.tg per rat. In our
experiments the actinomycin may actually

have stopped RNA synthesis so well that
significant ATP was rechanneled from

RNA synthesis into NAD synthesis. We
have shown that concentrations of actino-
mycin between 100 and 400 jig/rat pro-

duced concentrations of NAD 8 hours after
testosterone injection that were from 10 to

25 rn1�moles/g more than were expected.
The actinomycin and the puromycin experi-
ments seem to simow that the NAD response

can proceed in a system where protein syn-

thesis is at least partly inhibited. This type
of response would have been expected if
testosterone had stimulated several meta-
bolic pathways, rather than just stimu-

lating RNA synthesis (15, 16).

ACK NOWLEDGMENT

The author is grateful to Drs. B. Chance, H.

Lardy, D. Epel, and J. Williamson for reading the

manuscript and making helpful suggestions, and

to C. Love and J. Elkin for technical assistance.

This investigation was supported by Grant Num-

ber GM 5T1277-04 from the United States Public

Health Service.



NAD SYNTHESIS AND ANDROGEX ACTION 133

Mol. Pharmacol. 2, 125-133 (1966)

FItl�NCES

1. G. Rudolph and W. R. Starnes, Am. J. P/iysiol.

179, 415 (1954).
2. G. Rudolph and L. T. Samuels, Endocrinology

44, 90 (1949).
3. W. W. S. Butler, III and A. L. Schade, En-

docrinology 54, 121 (1954).
4. H. A. Levey and C. M. Szego, Am. J. Physiol.

182, 507 (1955).
5. H. A. Levey and C. M. Szcgo, Am. J. P/i ysiol.

183, 371 (1955).

6. H. G. Williams-Ashman, Endocrinology 54,

121 (1954).

7. J. A. Szirmai and P. C. van der Linde, J.

Ultrastruct. Res. 12, 380 (1965).

8. J. A. Szirmai and P. C. van (icr Linde, Proc.

5th Intern. Congr. Electron Microscopy,

Philadelphia, 1962, Vol. II, TT-9. Acadenmic

Press, New York, 1961.

9. W. W. Wicks and C. A. Villee, Arch. Bioc/mem.

Biophys. 106, 353 (1964).

10. J. Wilson, J. Clin. Invest. 41, 153 (1962).

11. W. W. Wicks and F. T. Kenney, Science 144,
1356 (1964).

12. S. Liao and H. G. Williams-Ashman, Proc.

Nati. Acad. Sci. U.S. 48, 1956 (1962).

13. C. D. Kochakian and D. G. Harrison, En-

docrinology 70, 99 (1962).
14. S. Liao, J. Biol. Chem. 240, 1263 (1965).

15. P. Karison, Perspectives Biol. Med. 6, 203

(1963).

16. M. Zalokar, in “Control Mechanisms in Cellu-

lar Processes” (D. M. Bonner, ed.), pp. 87-

140. Ronald, New York, 1961.

17. R. L. Hancock, R. F. Zelis, M. Shaw and

H. G. Williams-Asliman, Bioc/mim. Biop/mys.

Acta 55, 257 (1962).

1& It. L. Haneork, M. S. Jumkowitz amid L. Jtmrko-
witz, Arc/i. Biochem. Biophys. 110, 124
(1965).

19. E. Reich and I. H. Goldberg, Progr. Nucleic

Acid Res. 3, 184-230 (1964).
20. A. Morris, S. Favelukes, It. Arlinghaus and

It. Sclmwcet, Bioc/mein. Biophys. Res. Corn-

inun. 7, 326 (1962).

21. C. Ritter, I’cderution Proc. 20, 197 (1961).

22. T. Hamilton, Proc. Na(l. Acad. Sci. U.S. 51,

83 (1964).

23. H. Ui and C. C. Mueller, Proc. Natl. A cad.

Sci. U.S. 50, 256 (1963).

24. J. R. Williamson, J. Biol. Cheni. 239, 2721

(1964).

25. J. R. Williammmson, J. Biol. C/mem. 240, 2308
(1965).

26. B. Chance and V. Legallais, Institute of Elec-

trical and Electronics Engineers Transac-

tions on Bio-Medical Engineering BME-10,

40 (1963).
27. R. Estabrook, J. Gonze and S. P. Nissley,

Federation Proc. 22, 1071 (1963).
28. B. Chance, B. Schoencr and F. Schindler, in

“Oxygen in the Animal Organism” (F.

Dickens an(l E. Neil, eds.), p. 373. Pergamon

Press, Oxford, 1964.

29. A. Betz and B. Chance, Arch. Biochem. Bio-

phy.s. 109, 585 (1965).
30. J. Imsande, Biochim. Biophys. Acta 85, 255

(1964).

31. D. W. Hutchinson, ‘Nucleotides and Coen-

zymes,” pp. 36-76. Methuen, London, 1964.

32. P. Feigelson and M. Feigelson, J. Biol. C/mem.

238, 1073 (1963).

33. J. W. Clmamhei-s, R. H. Georg and A. D. Bass,

ItIol. Plmarmocol. 1, 66 (1965).




