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SUMMARY

[*H]-Estradiol (1.28 umol) and ['“C]-testosterone (243 umol) were given in an i.v. bolus and the concen-
tration of both steroids in the central nervous system at different times was studied. Uptake and
retention of phenolic steroids in the pituitary and the hypothalamus was higher than found in peripheral
plasma indicating preferential concentration which persisted for more than 2 h. In contrast the uptake of
testosterone and dihydrotestosterone was lower than could be expected from concentration in peripheral
plasma and these compounds disappeared within 0.5 h after the pulse.

INTRODUCTION

During the last two decades several groups have
reported data supporting the hypothesis that
estrogens may act as gonadotropin regulators in
males. As early as 1952 McCullagh and Schaffen-
bug[1] noted that estrogens were much more potent
in inhibiting gonadal function than androgens.
Lisk[2] used hormonal implants in the hypothalamus
to demonstrate the superior action of estrogens in
blocking gonadal activity. Korach and Muldoon[3]
found no difference in estradiol binding to cytosol
macromolecules in male and female hypothalami and
suggested that estradiol may be the active hormone in
males. Similar observations were also advanced by
others [4-6].

Simuitaneous intravenous injection of [*HJ-estra-
diol and ['*C)-testosterone into adult male rats
resulted in significant concentration of both labels in
the diencephalon whereas only estradiol, and not
testosterone derived label, was found in the pituitary-
hypothalamic area [7-10]. These experiments demon-
strated that the binding of estrogenic hormones in the
neuroendocrine tissues of males is significantly higher
than that of androgens suggesting that these hor-
mones play the major role in the control of physio-
logical functions.

The studies described below were undertaken to
define the dynamics of brain uptake of estradiol and
testosterone following a single iv. bolus with the
expectation that a more complete understanding of
these phenomena may aid in evaluating the physio-
logical role of estradiol in the male rat.

EXPERIMENTAL

General experimental conditions were as described
previously [10] but for the following modifications.

* To whom requests for reprints should be addressed.
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Six male rats (age 65-70 days) were used per group
(each time period). The dose per animal was 133 uCi
of [2,4,6,7-3H]-estradiol  (SA 104 Ci/mmol) or
1.28 x 1079 mol and 13 uCi of [4-1*C]-testosterone
{SA 53.5 mCi/mmol) or 2.43 x 10~ mol. Heparinized
blood (6-10 ml) was collected under slight ether anes-
thesia by heart puncture. Both “free™ (ethyl acetate
extractable) and “conjugated” (ethyl acetate non-
extractable) fractions were separated. One-half of the
“free” extracts was used to measure the radioactivity
present. The other 509, was subjected to double thin
layer chromatography (tl.c.): the first solvent system
used was chloroform~acetone—petrol ether (6:1:4, by
vol.), the second was chloroform—ethanol (95:5, v/v).
both solvent systems were used on the same plate.
The following cold standards were used at the same
time: 4-androstene-3,17-dione (A), 17B-hydroxy-5a-
androstan-3-one (DHT), estrone (E,), estradiol (E,)
and testosterone (T).

To calculate the area under the time curve the time
integral consistent for most of the tissues (8-32 min,
three data points range) was used. The best straight
line through all available data points yields an
equation of the form: concentration (fmol/100
mg) = Ae™*"™), the evaluation of the integral from §
to 32 min = (A/a)e”*3? — (— 4/x)e"*®. The concen-
trating of a particular hormone by a tissue was evalu-
ated by two methods: the ratio of tissue to plasma
levels (concentrating against circulating levels), and by
comparing the ratios of the neuroendocrine tissue
levels to the remainder of the brain (considered a
dilute or neutral tissue), a comparison which would
be unaffected by the limiting effect of the blood/brain
barrier. The areas under the curve were divided by the
dose expressed as fmol/100 mg mean body weight.
The mean body weight was 275g + 1.2 and the con-
centration of [*H]-estradiol was equal to
1.28 x 10 fmol while the concentration of ['*C]-tes-
tosterone was equal to 243 x 108fmol (molar
ratio = 190:1).
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Fig. 1. Radioactivity concentration in various tissues of male rats following an i.v. bolus of bolus of
[*H]J-estradiol (133 uCi—open bars) and [!*C]-testosterone (13 uCi—stippled bars) expressed as log
d.p.m./100 mg wet tissue (ordinate) vs time in min after the bolus (abcissa).

RESULTS

Figure ! illustrates graphically the total radioac-
tivity detected in the five tissues studied expressed as
log d.p.m./100mg tissue wet weight (ordinate),
detected at 8, 16, 32, 64 and 128 min pulse (abscissa).
Estradiol (*H) derived radioactivity was retained in
all tissues during the observation period. The highest
concentration was detected in the pituitary during
16-32 min after the injection (d.p.m./100 mg + SEM
were 542,390 + 71,740 at 16 min, and 506,120 +
37,890 at 32 min, respectively). The accumulations in
anterior hypothalamus {71,000 + 8475 d.p.m./100 mg)
and posterior hypothalamus (95,680 + 9506
dp.m./100mg) were highest 8min after the
L.v. injection; the same was true for plasma values
(106,250 + 7975 per 100 ul).

Isolation and purification yielded an estimate of the
concentration of E,, E;, DHT and T present in the
various tissues. Figures 24 show radioactivity pre-
sent (dp.m./100mg wet tissue weight) between
8-128 min. Examination of the curves shows that
[*H]-estradiol was the principle hormone found in all
tissues. except plasma where testosterone was the
highest. All of the *H compounds had a higher level

in the brain as compared to plasma with estradiol
showing an almost sixteen-fold increase. The inverse
was true regarding '*C derived radioactivity with the
exception of estradiol and DHT with ['*CJ-estradiol
being the highest with a four-fold increase.

DISCUSSION

Estradiol concentration in the peripheral plasma of
female rats fluctuates with the estrus cycle, highest
levels may reach about 30 pg/mi[11]; in male rats
estradiol concentration is about 10 pg/ml [12]. Thus
the hormone is present in both sexes in roughly the
same concentration, except that in females the levels
fluctuate whereas in males the release is apparently
tonic. Testosterone concentration in male rats is
about 1 ng/ml, about three times that of the concen-
tration found in females [13] but a considerable fluc-
tuation (2-5 fold) can take place [ 14]. Thus the estra-
diol:testosterone ratio in the peripheral plasma of
male rats is about 1:200. The molar dosage ratio used
in our studies (1:189) was selected to reflect this. We
used a !*C labelled testosterone of relatively low
specific activity and thus had to sacrifice accuracy to
detect low levels of this hormone and its metabolites.
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Estrone concentration in tissues of adult male rats following an iv. bolus of estradiol: pulse

8- 128 min.

The metabolism of androgen into phenolic steroids
by the CNS observed in our studies is in confirmation
with results reported by others[15]). Likewise, the
presence of estradiol receptor macromolecules in the
hypothalamus and the pituitary has been documented
in a number of species [for a review see 16, 17]. The
observed higher uptake in the posterior hypothala-
mus as compared to the anterior portion is in agree-
ment with earlier studies [18].

The first report that hypothalamic nuclei and the
pituitary gland possess the ability to concentrate
radioactive testosterone appeared 10 yr ago [19] yet
there still appears to be a controversy whether or not
the neuroendocrine tissue binds androgens. Several
groups [ 16, 20-25] have shown in sive and in vitro
that radioactive androgens are bound by macromole-
cules in the cytosol fraction and nuclei of the anterior
pituitary, hypothalamus, preoptic area and brain cor-
tex. while others [3.26,27] detect only non-specific
binding. The conflicting results could be caused by
differences in experimental design; if androgen recep-
tors are present in very small amounts and are labile,
effects of temperature at which in virro work is carried
out, the amount and specific activity of steroid used.
the manner of injection {some workers used intramus-

cular or intraperitoneal injection) and the time pulse
are all of importance. Some groups see androgen
binding in animals castrated 2 days prior to the ex-
perimental [ 28], others find no difference between in-
tact animals and animals castrated 2-3 weeks [3].
while still others report significant increase in the
binding as a result of 2-3 week gonadectomy prior to
the experiment [25]. We have elected to use intact
animals in our studies to avoid this controversy.

Evaluation of results based solely on detected
radioactivity provides only relative data since the
specific activity of the two hormones used was mark-
edly different. The concentration (fmol/100 mg wet tis-
sue} and half-lives {in min) of the various steroids
(both *H and '*C) calculated from the regression lines
(v — intercepts) are listed in Table 1. Because of the
small number of points (3-5) available significant
regression lines were occasionally difficult to obtain
and the validity of some data (values indicated by an
asterisk) may need revision.

It is seen from the table that the biological half-life
of injected estradiol is significantly prolonged in the
pituitary and the anterior hypothalamus. Determina-
tion of biological half-lives by themselves is not often
a reliable estimate for uptake because 1,;, values only
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Fig. 3. Estradiol concentration in tissues of adult male rats following an i.v. bolus of estradiol; pulse
8-128 min.

reflect the terminal phase of the disappearance rate of
a biexponential function. In our experiments the ini-
tial phase of the disappearance rate was not estab-
lished (first sample 8 min after the pulse); hence, the
pharmacokinetic parameters and the compartmental
status of the tissue can be only estimated; if both
exponential terms were positive then the tissue would
belong to the central compartment (fast tissue) along
with the plasma, and if one of the exponential terms
were negative (possibility in the case of *H in the
pituitary) then the tissue would belong to the peri-
pheral (slow) compartment. The time course of
metabolites is further complicated (even if the other
exponential portion were present) because while
metabolites are known to be tetraexponential
{Ae™ + Be " + Ce™* + De™*), if the parent com-
pound is known to be biexponential (represented by
the @ and B portions), the metabolites are frequently
found to be also biexponential with hybrid constants
representing the missing portions of the parents and
the metabolites behavior in a two compartmental sys-
tem. The terminal phase can reflect either the hybrid
constant of the parent compound or of the metab-
olite. whichever is smaller [29].

A measure of the uptake which takes into consider-
ation the total effect of level of hormone and its rate

of decline without appealing to the particular answers
of pharmacokinetic parameters, is provided by the
time curves (Figs 2—4) and the ratios between the
various hormones (Table 2).

It will be noted that the concentration of testoster-
one was significantly higher in the plasma but much
more estradiol entered the brain than testosterone.
This could be related to the fact that the blood-brain
barrier is less permeable to testosterone than estra-
diol; the well known fact that testosterone in plasma
circulates bound to blood carrier proteins could be a
contributing factor. The '*C/*H and E,/T ratio found
in the brain (1.84) compared to a plasma ratio of 0.18
supports the hypothesis of a preferential estrogen
blood-brain barrier as compared to testosterone. The
overall estrogen/androgen ratio (Table 2) in the brain
(3.90) is about eight times that seen in the blood
(0.58). Assuming that the brain is not concentrating
hormones but is merely reflecting the effects of the
blood-brain barrier, then the aromatic steroids along
with DHT are preferentially transported across the
blood-brain barrier. Since we have not shown a pref-
erential transport, the hypothesis that testosterone
and androstenedione are blocked by the blood-brain
barrier may be equally valid. The estrogen/androgen
ratio in the neuroendocrine tissue, which was close to
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Fig. 4. Testosterone and Sz-dihydrotestosterone (DHT) concentration in tissues of adult male rats
following an i.v. bolus of testosterone.

unity during the initial phase of the uptake shows that
androgens are taken up by the tissue in significant
amounts. The active species is probably DHT which
was accumulated at the expense of T; the abundance
of T in the plasma (DHT was about 7%, of T values) is
in agreement with previous reports [9].

The very high ratio between E,/E, in the pituitary
gland (308) indicates preferential binding of E, in this
tissue. These findings are not in agreement with the
results reported by others [30] who found the relative

affinity of estrogen receptors in the pituitary of rats to
be about the same for E, and E;; however, this group
used a cytosol fraction from female rats which may
explain the difference.

The time course of the **C labelled steroids is of
interest. In the present studies the sensitivity of detect-
ing ['*CJ-hormones, taking into account the amount
of tissue available for determination was about
8 pmol for the pituitary, about 3 pmol for the hypo-
thalamic tissues, and about 150 fmoles for the brain.

Table 1. Concentration and biological half-lives of various steroids in the central nervous system of male rats following a
single 1.v. bolus of estradiol and testosteronet

Steroid concentration, fmol/100 mg wet wt. (1,,;, min)

Steroid Plasma Brain Pituitary Ant H Post H
Estradio! (*H) 8(25.0) 138(21.6) 1754 (99.0) 84 (40.3) 292(29.0)
(**C)  3031(22.0) 15,694 (15.0) 33,738 (17.0) 9034 (14.3)*  8487* (14.9)*
Estrone (*H) 5(23.5) 12(53.8)* 115(60.8)* 24(42.3) 58 (22.1)
(*C)  1541(23.2) 960 (23.7) 1019 (154)*
Testosterone ('*C} 23,701 (13.5) 7771 (16.9) 25,621(19.7*  15484*(23.3)* 11,013 (90)
Sa-Dihydrotestosterone (**C)  1625(20.0) 2947(20.3) 12,124 (9.6)* 9363(23.2)*  11,181*(18.4)
4-Androstenedione (*4C)  3949(16.7) 589 (20.8) 1440* (25.9)* 1120023.1*

* Significance < 0.05.
+ (Calculated values 8~128 min pulse).
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Table 2. Ratios of androgens and estrogens in the neuroendocrine tissue of adult male rats
(Integrated values 8-32 min)

Tissues studied

Hormone Ratio Brain Pituitary Ant H Post H Plasma
Estrogens/androgens 39 09 0.4 0.4 0.6
E,/ T 20 14 0.6 0.3 0.1
E,/DHT 54 1.3 1.0 0.8 1.9
E,/E, 16.3 309 8.7 151 20
T/DHT 2.6 2.1 1.7 1.0 14.6

Total '*C detected in the pituitary prior to purifica-
tion during the 8-64 min pulse was 81, 61, 37 and
8 pmol testosterone equivalents. respectively. The
corresponding values for anterior hypothalamus
(8-32 min interval) were 37, 32 and 18 and for pos-
terior hypothalamus 47, 24 and 22. respectively. The
rapid disappearance of this label from the endocrine
tissue shows that the function of androgenic hor-
mones is probably different from that of estrogens
which are retained for a significantly longer period of
time. It may be that androgens provide a stimulus for
the synthesis of estradiol receptors but additional ex-
periments are needed to establish this. The significant
level of phenolic steroids in preference to androgens,
and its persistence in brain tissues supports the hy-
pothesis that estrogens play an important physiologi-
cal or neuroendocrine role at the level of the male
hypothalamo-pituitary axis.

Acknowledgements—This work was supported in part by a
grant [rom the Research Foundation of the City University
of New York, RF No. 11609. We are also thankful to Mr.
D. Di Resta for technical help.

REFERENCES

1. McCullagh E. P. and Schaffenburg C. A.: The role of
the seminiferous tubules in the production of hor-
mones. Ann. N.Y. Acad. Sci. 55 (1952) 674684,

2. Lisk R. D.: Testosterone sensitive hypothalamic
centers of the rat. Acta endocr. Copenh. 41 (1962)
195-204.

3. Korach K. S. and Muldoon T. G.: Studies on the
nature ol the hypothalamic estradiol-concentrating
mechanism in the male and female rat. Endocrinology
94 (1974) 785-793.

4. Maurer R. A. and Woolley D. E.: Demonstration of
nuclear [*H]-estradiol binding in hypothalamus and
amygdala of female, androgenized female, and male
rats. Neuroendocrinology 16 (1974) 137-147.

5. Vreeburg J. T. M, Schretlen P. J. M. and Baum M. J.
Specific, high-affinity binding of 178-estradiol in cyto-
sols from several brain regions and pituitary of intact
and castrated adult male rats. Endocrinology 97 (1975)
969-977.

6. Anderson J. N, Peck Jr J. E. and Clark J. H.: Nuclear
receptor estrogen complex: accumulation, retention
and localization in the hypothalamus and pituitary.
Endocrinology 93 (1973) 711-717.

7. Henderson S. B, Ciaccio L. A. and Kincl, F. A.: Modi-
fication of steroid metabolizing enzymes by estradiol
benzoate njection in male rats.. Abstracts Endocrino-
logy 107 (1978) Suppl. p. 511.

. Joseph A. A. and Kincl F. A.: Neonatal sterilization of

rodents with steroid hormones: 5. A note on the in-
fluence of neonatal treatment with estradiol benzoate
or testosterone propionate on steroid metabolism in
the brain and testes of adult male rats. J. Steroid Bio-
chem. § (1974) 227-231.

. Kincl F. A. and Henderson S. B.: The Effects of Neo-

natal Estrogenization on Testosterone and Estradiol
Biological Half-Life and Clearance Rates. Hormones
aund Brain Derelopment. (Edited by Dérner G. and
Kawakain M.). pp. 147-152. Elsevier. Amsterdam
{1978).

. Ciaccio L. A., Di Resta D, Henderson S. B. and Kincl

F. A.: Prelerential uptake of estradiol in the pituitary
and hypothalamus of mature male rats in the presence
of testosterone. Endocr. exp. (1977) In press.

. Brown-Grant K.. Exley D. and Naltolin F.: Peripheral

plasma oestradiol and luteinizing hormone concen-
tration during the oestrus cycle of the rat. J. Endocr. 48
(1970) 295-296.

. Wilson J. D.: Metabolism of testicular androgens.

Handbook Physiol. Sec. 7, Vol. 4, (1975) 491-538. Am.
Physiol. Soc., Washington, DC.

. Dohier K. D. and Wutke W.: Changes with age n

levels of serum gonadotropins. prolactin, and gonadal
steroids in prepubertal male and female rats. Endo-
crinology 97 {1975) 898-907.

. Bartke A., Steele R. E., Musto N. and Caldwetl B. U.:

Fluctuations in plasma testosterone levels in adult
male rats and mice. Endocrinology 92 (1973)
1223-1228.

. Naftolin K., Ryan K. J. David I. J. Reddy V. V.

Flores F., Petro Z., Kuhn, M., White, [. J., Takoa, Y.
and Wolin L.: The lormation of estrogens by central
neuroendocrine tissue. Rec. Progr. Horm. Res. 31
(1975) 295-314.

. Kato, J.: The role of hypothalamic and hypophyseal

Sa-dihydrotestosterone, estradiol and progesterone
receptors in the mechanism of feedback action. J.
Steroid Biochem. 6 (1975) 979-987.

. Davies J.. Naftolin F., Ryan K. J. and Siu J.: Estradiol

receptors in the pituitary and anterior hypothalamus
of the rat: measurement by agar gel electrophoresis.
Steroids 25 (1975) 591-609.

. McGuire, J. L. and Lisk, R. D.: Localization of

estrogen receptors in the rat hypothalamus. Newuro-
endocrinology 4 (1969) 289-295.

. Roy S. K., Jr and Laumas K. R.: 1.2-*H Testosterone:

distribution and uptake in neural and genital tissues of
intact male, castrate male and female rats. Actu
endocr.. Covpenh. 61 (1969) 629-640.

. Jouan P.. Samperez S., Thieulant M. L. and Mercier

L.: Etude du récepteur cytoplasmique de la (1,2-°H)
testostérone dons ['hypophyse anterieure et I'hypo-
thalamus du rat. J. steroid Biochem. 2 (1971) 223-236.

. Thieulant M. L., Samperez S. and Jouan P.: Binding

and metabolism of [*H]-testosterone in the nuclei of
rat pituitary in vivo. J. steroid Biochem. 4 (1973)
677-685.



25.

Estradiol and testosterone uptake in rat brain

. Monbon M.. Loras B., Reboud J. P. and Bertrand J.:

Binding and metabolism of testosterone in the rat
brain during sexual maturation—I. macromolecular
binding of androgens. J. steroid Biochem. § (1974)
417-423.

. Noma K., Sato B.. Yano S. and Yamamura Y.: Metab-

olism of testosterone in hypothalamus of male rat. J.
steroid Biochem. 6 (1975) 1261-1266.

24. Naess O., Attramadal A. and Aakvagg A.: Androgen

binding proteins in the anterior pituitary. hypothala-
mus, preoptic area and brain cortex of the rat. Endo-
crinology 96 (1975) 1-9.

Lieberburg 1., Maclusky N. J. and McEwen B. S.
Sa-Dihydrotestosterone (DHT) receptors in rat brain
and pitvitary cell nuclei. Endocrinclogy 100 (1977)
598-607.

. Korach K. S. and Muldoon T. G.: Comparison of

specific 17f-estradiol-receptor interactions in the

27.

28.

29.
30.

1607

anterior pituitary of male and female rats. Endocrino-
logy 92 (1973) 322-326.

Korach K. §. and Muldoon T. G.: Inhibition of anter-
ior pituitary estrogen-receptor complex formation by
low affinity interaction with Sx-dihydrotestosterone.
Endocrinology 97 (1975) 231-237.

Thiculant M. L., Mercier L., Semperez S. and Jouan
P.: Dihydrotestosterone-protein binding in the cytosol
of rat anterior hypophysis in vitro: evidence for a
specific receptor. J. steroid Biochem. 6 (1975)
1257-1260.

Gibaldi M. and Perrier D.: Pharmakokinetics. M.
Dekker. New York, (1975).

Davies 1. J.. Naftolin F., Ryan K. J,, Fishman J. and
Siu J.: The affinity of catechol estrogens for estrogen
receptors in the pituitary and anterior hypothalamus
of the rat. Endocrinology 97 (1975) 554-557.



