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were determined in (5) by 
d ~ r e c t  radioimmunoassay for aldosterone 
with ['25~]aldosterone and antibody to 
aldosterone (Diagnostic Products). Ex- 

Androgen Modulation of Adrenal Angiotensin Receptors traction and chromatography of selected 
samples with Sephadex LH-20 (Pharma- 

Abstract. Several polar androgens increased the binding of angiotensin and its cia Fine Chemicals) did not affect the 
stimulation of aldosteronogenesis in bovine adrenal glomerulosa cells. The effect results. We used angiotensin concentra- 
was seen only i f  the steroids were applied to the cells and then washed away. This tions of and 1 0 - ' ~  in steroidogene- 
phenomenon and the technique for demonstrating it may have implications for sis experiments because at those levels 
studies of receptor modulation and for clinical states in which responsiveness to A11 produced submaximal and maximal 
angiotensin is increased. aldosterone responses, respectively (5, 

9, 11, 12). Statistical analysis was per- 
In several forms of hypertension, in- ranged from 8.6 x to  8.6 x ~ o - ~ M .  formed with Student's t-test for unpaired 

cluding the majority of patients with low Cells were incubated with these agents values. 
renin essential hypertension (LREH), for 2 to 60 minutes at  room temperature When testosterone hemisuccinate was 
adrenal secretion of aldosterone in re- in a shaking water bath and then washed present in the medium during binding 
sponse to angiotensin I1 (AII) is exagger- 
ated (1-3). One possible mechanism for 
this hyperresponsiveness is an increase Table I .  Equilibrium binding parameters for angiotensins and bovine adrenal glomerulosa 
in the number or of angiotensin cells. Values are derived from analysis of the data in Figs. 1 and 2 with Scatfit, the nonlinear 

receptors We have observed recep- least-squares program developed by Rodbard (28), and are presented as means t standard 
errors. 

tor modulation in bovine adrenal glo- 
merulosa cells exposed to cholesteryl Control Testosterone 
hemisuccinate (5). Because androgens hemisuccinate 
have been implicated in the pathogenesis meter* Affinity Capaclty Affinity Capacity 
of some forms of hypertension ( 6 4 ,  we (nM-') (femtomoles (nM- I) (femtomoles 
examined the effects of several andro- per lo6 cells) per lo6 cells) 

gens on angiotensin receptors and re- 
sponses in bovine cells. 

Collagenase-dispersed adrenal glo- 
merulosa cells from mature cows (9) 
were suspended in Krebs solution con- 
taining 20 m M  Hepes (Sigma). To  cell 
suspensions were added testosterone 
hemisuccinate (Steraloids), dehydroepi- 
androsterone (DHEA) sulfate (Sigma), 
or their ethanol vehicle (1 percent by 
volume). Androgen concentrations 

Angiotensin 11 
3.04 t 0.47 

8 1 . 2 k  38.1 104 + 25 
0.278 t 0.096 

653 + 173 351 + 38 

Angiotensin 222 
4.42 + 1.20 

15.4 t 3.8 82.2 t 24.6 
0.162 C 0.088 

603 t 115 522 + 150 

* K ,  and K2 are the afflnity constants 
independent classes of binding sites. 

and Q, and Q2 are the corresponding capacities for each of two 

1009 



determinations with bovine glomerulosa 
cells (three experiments), binding of A11 
and AIII was inhibited 51.6 percent 
( P  < 0.001) and 7.3 percent (not signifi- 
cant), respectively. By contrast, when 
cells were incubated with the steroid 
derivative and then washed, testosterone 
hemisuccinate caused a striking increase 
in A11 binding. Treated cells bound 
161.3 -t. 9.8 percent of the amount of 
[1251]AII and 222 t 14 percent of the 
amount of [1251]AIII bound by control 
cells (means l standard errors for 
11 experiments; P < 0.001). Enhaaced 
angiotensin binding was observed after 
as few as  2 minutes of incubation with 
testosterone hemisuccinate; longer incu- 
bation times were not associated with 
further changes in bmding. Comparable 
increases in binding were also seen with 
tritiated angiotens~ns. The ethanol vehi- 
cle increased angiotensin binding less 
than 10 percent. High-performance liq- 
uid chromatography showed that intact 
[ 1 2 5 ~ ] ~ 1 ~  accounted for two-thirds of the 
bound label in both control and testoster- 
one hemisuccinate-treated cells incubat- 
ed with AII. 

Three experiments measuring A11 
binding were analyzed by the Scatchard 
method; Fig. 1A and Table 1 depict the 
results of one of those experiments. Tes- 
tosterone hemisuccinate enhanced bind- 
ing by increasing receptor number and 

0.3 An 
Control 
Testosterone 

A 
hemisuccinate 

Bound (ferntomoles) 

Fig. 1. Effect of testosterone hemisuccinate 
(8.6 x 10-4M) on angiotensin binding in bo- 
vine adrenal glomerulosa cells. (A) Scatchard 
plot for A11 binding. (B) Scatchard plot for 
AIII binding. 

affinity. The effects on receptor number 
were more consistent. This was most 
evident in an experiment with A111 (Fig. 
1B and Table 1). 

Steroidogenic responses to  and 
~ o - ~ M  A11 were significantly increased 
in bovine cells after incubation with tes- 
tosterone hemisuccinate (Fig. 2A). The 
enhanced response was more noticeable 
with the ~ o - ~ M  concentration of AII. 
Testosterohe hemisuccinate also signifi- 
cantly raised basal aldosteronogenesis. 
A similar pattern of response was seen in 
experiments with A111 (Fig. 2B). 

In the experiments described above 
testosterone hemisuccinate was used at a 
final concentration of 8.6 x Lo-~M, five 
orders of magnitude greater than the 
physiological concentration of testoster- 
one in human peripheral blood. Treat- 
ment of cells with testosterone hemisuc- 
cinate at  8.6 x 1 0 - ' ~  had smaller, non- 
significant effects on angiotensin binding 
but significantly affected angiotensin- 
stimulated secretion of aldosterone. In 
three experiments with AII, binding in- 
creased 6.8 percent after steroid expo- 
sure compared to the control value. 
However, aldosterone secretion in- 
creased 56.7 and 38.1 percent with 
and ~ o - ~ M  AII, respectively ( P  < 
0.001). AIII binding rose 12.6 percent in 
cells treated with testosterone hemisuc- 
cinate at 8.6 x 10-'M in three experi- 
ments; aldosteronogenesis increased 
20.8 percent (P < 0.001) and 11.8 per- 
cent (0.1 > P > 0.05) in response to 
A111 at and ~ o - ~ M ,  respectively. 

Since testosterone hemisuccinate is 
not a naturally occurring steroid, we 
examined the effects of DHEA sulfate. 
In two experiments, bovine adrenal cells 
were incubated for 60 minutes with this 
endogenous androgen at 8.6 x ~ o - ~ M ,  a 
concentration one order of magnitude 
greater than that found in peripheral hu- 
man blood (300 pg per 100 ml). Cells 
were then washed and angiotensin bind- 
ing and steroidogenesis were measured. 
DHEA sulfate increased A11 binding 
16.7 percent over the control value 
(P < 0.05). In response to  and 
~ o - ~ M  AII, aldosterone secretion in- 
creased 3 1.8 percent (not significant) and 
27.2 percent (P < 0.05), respectively. 
Basal aldosteronogenesis was increased 
19.8 percent (0.1 > P > 0.05). 

Among other sterols and steroids test- 
ed, cholesteryl hemisuccinate markedly 
inhibited angiotensin binding (5) while 
androsterone hemisuccinate, hydrocorti- 
sone hemisuccinate, testosterone, and 
androstenedione had no effect when 
binding was measured after these com- 
pounds were removed from the medium. 

Bovine adrenal glomerulosa cells 

washed after incubation with testoster- 
one hemisuccinate displayed marked in- 
creases in AII and A111 binding that were 
not seen when the steroid was present 
during the binding assay. The increase in 
binding was associated with significantly 
enhanced responses of aldosteronogene- 
sis to  A11 and AIII. The rise in basal 
aldosteronogenesis in cells exposed to 
testosterone hemisuccinate suggests a 
response to  angiotensins produced by 
the cells themselves. This hypothesis 
must be considered in view of the pres- 
ence of renin in adrenal tissues (13). 

Sterols and steroids may alter cell 
membrane characteristics such as fluid- 
ity (14, 15). We observed decreased flu- 
idity of bovine adrenal glomerulosa cell 
membranes after incubation with choles- 
teryl hemisuccinate (5). The change in 
fluidity was accompanied by an 84 per- 
cent inhibition of A11 binding, but effects 
of A11 on aldosterone secretion were 
preserved. In other ligand-receptor sys- 
tems, changes in fluidity caused either 
parallel (16-21) or inverse (22-24) shifts 
in receptor number. Testosterone hemi- 
succinate could have acted on membrane 
properties other than fluidity. In mouse 

None 1 0 - @ ~  lo-' M 

Angiotensin concentration 

Fig. 2. Effect of testosterone hemisuccinate 
(8.6 x 10-4M) on stimulation of aldosterone 
secretion in bovine adrenal glomerulosa cells. 
(A) Basal and AII-stimulated aldosterone pro- 
duction. Values are means +. standard errors 
for seven experiments (n = 28 or more for 
each bar). (B) Basal and AIII-stimulated aldo- 
steronogenesis. Values are means + standard 
errors for four experiments (n = 19 or more 
for each bar). 
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LM cells, manipulating the membrane 
phospholipid composition modulated 
adenylate cyclase activity independently 
of changes in fluorescence polarization, 
a measure of membrane fluidity (25). A 
change in receptor synthesis or degrada- 
tion by testosterone hemisuccinate is un- 
likely to account for its effects, because 
these effects occurred rapidly and in- 
cluded a shift in receptor affinity. 

Our observations indicate possible pit- 
falls in investigating the effects of pro- 
posed receptor modulators on the ac- 
tions of angiotensin or other ligands. For 
example, approximately half of the 70 
steroids we added to adrenal cells inhib- 
ited angiotensin binding (26). However, 
in all of those experiments the steroids 
remained in the medium during the bind- 
ing assay. Tested in the same way, tes- 
tosterone hemisuccinate also inhibited 
angiotensin binding. However, in cells 
washed thoroughly after incubation with 
this steroid, angiotensin binding and 
stimulation of aldosteronogenesis were 
markedly augmented. Putative modula- 
tors may exert complex positive and 
negative effects or may require a latent 
period to influence receptors. Investiga- 
tors testing substances for modification 
of membrane-related processes should 
take these possibilities into account. 

Our ability to enhance the activity of 
angiotensin receptors by naturally occur- 
ring steroids in vitro offers a new way to 
test for putative mediators of low renin 
essential hypertension. This condition is 
usually marked by normal aldosterone 
secretion in the face of subnormal levels 
of renin (27) and may be the result of 
sensitization of adrenal glomerulosa by 
circulating substances. We suggest that 
angiotensin potentiators in body fluids 
from patients with low renin essential 
hypertension can be sought by a brief, 
transient exposure of adrenal cells to the 
fluids, as well as by adding the fluids to 
the final assay mixture. 

JOHN E. CARROLL 
THEODORE L. GOODFRIEND 

William S .  Middleton Memorial 
Veterans Administration Hospital and 
Departments of Medicine and 
Pharmacology, University of 
Wisconsin. Madison 53705 
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Perinatal Dopamine-Related Drugs Demasculinize Rats 

Abstract. Administration of haloperidol, a common neuroleptic, to pregnant or 
lactating rats impaired the masculine sex behavior of their male offspring. Prenatal 
haloperidol did not affect testosterone concentrations in fetuses. Maternal adminis- 
tration of apomorphine, a dopamine agonist, and of a-methyl-p-tyrosine, an 
inhibitor of dopamine synthesis, also demasculinized male offspring. In both 
experiments other behaviors and developmental milestones were unaffected. Perina- 
tal haloperidol, apomorphine, and a-methyl-p-tyrosine did not lower testosterone in 
adulthood. These drugs may act directly on neurons that control masculine behavior 
without lowering testosterone prenatally or in adulthood. 

Perinatal administration of certain 
drugs or hormones produces lasting im- 
pairment of reproductive function and 
sexual behavior in male rodents (1-4). 
Several of these agents appear to exert 
their demasculinizing effects by reducing 
the concentration of testosterone perina- 
tally or in adulthood (2, 3, 5, 6). While 
high concentrations of testosterone dur- 
ing the week before and the week after 
birth appear to be critical for sexual 
differentiation (7), the mechanisms by 
which testosterone exerts its masculiniz- 
ing effects have not been identified. 

One possible mechanism of testoster- 
one action involves a direct effect on 
developing neurons through alterations 
in growth, synaptogenesis, receptors, or 
enzyme activity. Monoaminergic neu- 
rons have been shown to regulate the 
expression of sex behavior in adulthood, 
with dopamine (DA) facilitating (8, 9) 
and serotonin inhibiting masculine be- 
havior (9, 10). Alterations in monoamin- 
ergic activity may also play a role in the 
developmental demasculinizing effects 
noted above. Because DA is the only 
monoamine shown to facilitate mascu- 
line behavior in adulthood, we investi- 
gated the effects of several perinatally 
administered drugs that affect DA trans- 
mission. 

Haloperidol (HAL) blocks DA recep- 

tors preferentially though not exclusive- 
ly and crosses placental and lactational 
barriers (11). Rosengarten and Friedhoff 
(12) reported that administration of HAL 
to pregnant rats depressed binding of 
[3H]spiroperidol in the brains of their 
offspring as late as 60 days of age. Be- 
havioral responsiveness of the offspring 
to apomorphine (APO), a DA agonist, 
was also depressed by prenatally admin- 
istered HAL. On the other hand, neona- 
tal treatment with HAL (through lacta- 
tion) had the opposite effect, increasing 
[3~]spiroperidol binding and behavioral 
responsiveness to APO. This is similar to 
the supersensitivity to DA seen in adult 
animals after long-term treatment with 
neuroleptics. Because DA facilitates 
adult masculine sex behavior, we hy- 
pothesized that prenatally administered 
HAL would impair masculine behavior 
in adulthood, that neonatal treatment 
with HAL would facilitate it, and that 
combined pre- and neonatal treatments 
would tend to cancel these effects. 

Ten Long-Evans female rats were 
mated and divided into two groups that 
were injected intraperitoneally with 
HAL (2.5 mglkg) or saline from day 7 of 
gestation until day 21 postpartum, ex- 
cept on the day of birth. Treatment pa- 
rameters were the same as those shown 
by Rosengarten and Friedhoff (12) to 




