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ABSTRACT

OVARIAN STEROIDS IN RAT AND HUMAN BRAIN: 
Effects of different endocrine states

A study by MARIE BIXO, Department of Pathology, University of Umeå,
Sweden. Umeå University Medical Dissertations, New Series No 203 
ISSN 0346-6612 ISBN 91-7174-313-8 .

Ovarian steroid hormones are known to produce several different effects in the brain. 
In addition to their role in gonadotropin release, ovulation and sexual behaviour they 
also seem to affect mood and emotions, as shown in women with the premenstrual tension 
syndrome. Some steroids have the ability to affect brain excitability. Estradiol 
decreases the electroshock threshold while progesterone acts as an anti-convulsant and 
anaesthetic in both animals and humans. Several earlier studies have shown a specific 
uptake of several steroids in the animal brain but only a few recent studies have 
established the presence of steroids in the human brain
In the present studies, the dissections of rat and human brains were carried out 

macroscopically and areas that are considered to be related to steroid effects were 
chosen. Steroid concentrations were measured by radioimmunoassay after extraction and 
separation with celite chromatography. The accuracy and specificity of these methods 
were estimated.
In the animal studies, immature female rats were treated with Pregnant Mare's Serum 

Gonadotropin (PMSG) to induce simultaneous ovulations. Concentrations of estradiol and 
progesterone were measured in seven brain areas pre- and postovulatory. The highest 
concentration of estradiol, pre- and postovulatory, was found in the hypothalamus and 
differences between the two cycle phases were detected in most brain areas. The 
preovulatory concentrations of progesterone were low and the highest postovulatory 
concentration was found in the cerebral cortex.
In one study, the rats were injected with pharmacological doses of progesterone to 

induce "anaesthesia". High uptake of progesterone was found and a regional variation 
in the formation of 5<*-pregnane-3,20-dione in the brain with the highest ratio in the 
medulla oblongata.
Concentrations of progesterone, 5a-pregnane-3*20-dione, estradiol and testosterone 

were determined in 17 brain areas of fertile compared to postmenopausal women. All 
steroids displayed regional differences in brain concentrations. Higher concentrations 
of estradiol and progesterone were found in the fertile compared to the postmenopausal 
women.
In summary, these studies show that the concentrations of ovarian steroids in the 

brain are different at different endocrine states in both rats and humans and that 
there are regional differences in brain steroid distribution.

Key words: Progesterone, 5<*“pregnane-3.20-dione, estradiol, testosterone, rat brain,
human brain, PMSG-model, steroid anaesthesia.
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Life is a search for inner understanding 
and it's easy to get lost.

Hermann Hesse
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ABSTRACT 

OVARIAN STEROIDS IN RAT AND HUMAN 
BRAIN: 
Effects of different endocrine 

states

A study by MARIE B1XO, Department of Pathology, University of Umeå,
Sweden. Umeå University Medical Dissertations, New Series No 203 
ISSN 0346-6612 ISBN 91-7174-313-8 .

Ovarian steroid hormones are known to produce several different effects 
in the brain. In addition to their role in gonadotropin release, ovulation 
and sexual behaviour they also seem to affect mood and emotions, as shown 
in women with the premenstrual tension syndrome. Some steroids have the 
ability to affect brain excitability. Estradiol decreases the electroshock 
threshold while progesterone acts as an anti-convulsant and anaesthetic in 
both animals and humans. Several earlier studies have shown a specific 
uptake of several steroids in the animal brain but only a few recent 
studies have established the presence of steroids in the human brain
In the present studies, the dissections of rat and human brains were 

carried out macroscopically and areas that are considered to be related to 
steroid effects were chosen. Steroid concentrations were measured by 
radioimmunoassay after extraction and separation with celite 
chromatography. The accuracy and specificity of these methods were 
estimated.
In the animal studies, immature female rats were treated with Pregnant 

Mare’s Serum Gonadotropin (PMSG) to induce simultaneous ovulations. 
Concentrations of estradiol and progesterone were measured in seven brain 
areas pre- and postovulatory. The highest concentration of estradiol, pre- 
and postovulatory, was found in the hypothalamus and differences between 
the two cycle phases were detected in most brain areas. The preovulatory 
concentrations of progesterone were low and the highest postovulatory 
concentration was found in the cerebral cortex.
In one study, the rats were injected with pharmacological doses of 

progesterone to induce ”anaesthesia”. High uptake of progesterone was 
found and a regional variation in the formation of 5<x-pregnane-3.20-dione 
in the brain with the highest ratio in the medulla oblongata.
Concentrations of progesterone, 5<*-pregnane-3,20-dione, estradiol and 
testosterone were determined in 17 brain areas of fertile compared to 
postmenopausal women. All steroids displayed regional differences in brain 
concentrations. Higher concentrations of estradiol and progesterone were 
found in the fertile compared to the postmenopausal women.
In summary, these studies show that the concentrations of ovarian 

steroids in the brain are different at different endocrine states in both 
rats and humans and that there are regional differences in brain steroid 
distribution.

Key words: Progesterone, 5«“pregnane-3t20-dione, estradiol, testosterone, 
rat brain, human brain, PMSG-model, steroid anaesthesia.
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ORIGINAL PAPERS
This thesis is based on the following papers, which are referred to in the
text by their roman numerals.

I. Bixo M, Bäckström T and Winblad B. Progesterone distribution in the 
brain of the PMSG-treated female rat. Acta Physiol Scand 122:
355-359» I S M  -

II. Bixo M, Bäckström T, Winblad B, Seistam G and Andersson A. Comparison 
between pre- and postovulatory distributions of oestradiol and 
progesterone in the brain of the PMSG-treated rat. Acta Physiol Scand 
128: 241-246, 1986.

III.Bixo M and Bäckström T. Regional distribution of progesterone and 
5a-pregnane-3.20-dione in rat brain at progesterone induced 
”anesthesia”. Accepted for publication in Psychoneuroendocrinology.

IV. Bixo M, Bäckström T, Cajander S and Winblad R. Post-mortem stability 
of progesterone in rat brain. Acta path microbiol immunol Scand.
Sect A 94: 297-303. 1986.

V. Bixo M, Bäckström T, Winblad B and Andersson A. Progesterone, 
5-a-pregnane-3.20-dione, estradiol and testosterone in the human 
female brain. Manuscript.
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ABBREVIATIONS

CNS central nervous system
COMT catechol-0-methyltransferase
CSF cerebrospinal fluid
5<x-DHP 5oc-dihydroprogesterone; 5«-pregnane-3,20-dione
DA dopamine
E estradiol
GABA y-aminobutyric acid
3<x-OH-5oc-P 3«”hydroxy-5a-pregnan-20-one
5-HT 5“hydroxytryptamine; serotonin
LH luteinizing hormone
LRH LH releasing hormone
MAO monoamine oxidase
NA noradrenaline
PMS premenstrual tension syndrome
PMSG pregnant mare's serum gonadotropin
RIA radioimmunoassay
SEM standard error of the mean
SHBG sex hormone-binding globulin
T testosterone
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INTRODUCTION
Ovarian steroid hormones are known to regulate gonadotropin release and 
sexual behaviour in animals. In addition, they affect brain excitability 
in both animals and humans and seem to be of pathogenetic importance for 
cyclical mood changes in the premenstrual tension syndrome.

Earlier studies of the regional distribution of ovarian steroids in 
the brain.

A review of earlier studies of the regional brain distribution of ovarian 
steroids is presented in Table I. In most of these studies, ovariectomized 
animals were given a single injection or short infusion of labelled 
steroid and the radioactivity in specific regions of the brain was 
measured. Autoradiography of the whole brain was done in some studies The 
regional distribution of ovarian steroids in the brain during 
physiological conditions with an endogenous steroid production has not 
been studied earlier in animals.

In rats, guinea pigs and sheep a high uptake of progesterone has been 
found in the pituitary and hypothalamus and lower concentrations in the 
cerebral cortex (Laumas & Farooq, 1966; Seiki et al., I960; Whalen & 
Luttge, 1971; Wade & Feder, 1972; Wade et al., 1973; Whalen & Gorzalka, 
197^; Challis et al., 1976). However, in the rabbit and rhesus monkey the 
highest progesterone uptake was in the pons, midbrain and medulla 
oblongata, and the lowest in the cerebral cortex and hypothalamus (Billiar 
et al., 1975; Johnson et al., 1976). In one study, male rats were given 
pharmacological doses of steroid and the brain progesterone concentration 
was found to be higher in the cerebellum and brain stem than in the 
cerebral cortex (Raisinghani et al., I968). The brain distribution pattern 
for 5tt“Pregnane-3.20-dione (5a-DHP) was similar to the pattern for 
progesterone (Raisinghani et al., I968; Karavolas et al., 1976; Johnson et 
al., 1976).

The brain distribution of estradiol and testosterone is similar in many 
species, e.g. the rat, guinea pig, hamster, squirrel monkey and rhesus 
monkey. High concentrations were found in the pituitary, hypothalamus and 
the limbic system and low concentrations in the cerebral cortex 
(Attramadal, 1964; Eisenfeld & Axelrod, I965; Kato & Villee, I967; Pfaff,
1968; Roy & Laumas, 1969; McEwen & Pfaff, 1970; McEwen et al., 1970; 
Luttge & Whalen, 1972; Pfaff & Keiner, 1973; Keefer & Stumpf, 1975; 
Morrell et al., 1975; Pfaff et al., 1976; Krieger et al., 1976; 
Warembourg, 1977; Garris et al., 1981).

The literature on gonadal steroids in the human brain is scant. Low 
concentrations of progesterone, estradiol, testosterone and some other 
androgens have been reported in the brain of men and postmenopausal women 
post-mortem, but no regional differences could be found (Hammond et al 
1983 ïLanthier and Patwardhan 1986).
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TABLE I. A mini-review of earlier reports of steroid uptake in the brain.

AUTHOR

Appelgren
1967

STEROID SPECIES 

P Mouse

Attramadal E 
1964

Rat

METHODS

d 9 Single inj C14-P 
^ after 2 min-4 h, AR

9 ovx
Single inj H-E 
^ after 2 h

HIGHEST
UPTAKE

CX

Pit,HT

Billiar P
et al . 1975

Challis 
et al . 1976

Johnson 
et al . 1976

Eisenfeld& E 
Axelrod
1965

Garris E
et al.1981

Hammond P
et al.1983

Rhesus
monkey

Sheep

Rat

Rhesus
monkey

Human

P,5a-DHP Rabbit

Inf 110-210 min 
+ after 125-230 min

v OVX
Inj 10 d P or E 
^ after 10.5 d

* OVX 14 d earlier 
Single inj 3H-E
+ after 1 h

? OVX 14 d earlier 
Inf 50 min 3H-E, AR
9 «
24-28 h postmortem 
Lipidex-chromatography 
RIA

* OVX
Repeated inj 5 d+inf 
4 h C-P ♦ H-5&-DHP 
t after 5 d

Pons,M0 
MB

Pit,HT 

Pit

Pit,HT, 
POA

HT.POA

Pit,HT

Amy

Pit,Pons, 
MB

Karavolas P , 5<*”DHP Rat
et al . 1976

? OVX 10 d earlier 
Single inj 3H-P or 3H-5aDHP 
t after IQ-30 min

Pit,HT

Kato & E
Villee
1967

Keefer & E
Stumpf
1975
Krieger E
et al . 1976

Lanthîer & 
Patwardhan 
1986

Laumas & 
Farooq 
1966

Rat

Squirrel
monkey

Hamster

Human

Rat

9 OVX 8 d earlier 
Single inj 3H-E 
t after 0.5-4 h

9 OVX 4 d earlier 
Single inj 3H-E 
t after O.5-I h, AR

? OVX
Single inj 3H-E 
t after 2 h, AR

9 cf
5-18 h postmortem 
Celite chromatography 
RIA

? OVX
Single inj JH-P 

after 1-10 min

Pit,HT,ME

HT,POA, 
Amy

HT,POA 
Amy

Pit,Amy, 
CX
Pit,Amy 
CX
Pit,Amy 

Pit,HT

LOWEST
UPTAKE

White
matter

CX

CX ,HT 
Amy

CX

HT,CX

CX.CB

CX

Pit,CX 

CX.HT

CX

CX.CB

CX

CX

HT

HT

HT
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Luttge &
Whalen
1972

Rat Y OVX
Single inj 3H-E 
t after 1-4 h

Pit,HT CX

McEwen &
Pfaff
1970

McEwen 
et al.I97O

Rat

Rat

Y OVX
Single inj 3H-E 
i- after 2 h

* OVX 
ingle 
after 2 h

Single inj 3H-T

Pit,HT, 
POA

Pit,HT 
POA

CX.CB

CX.CB

Morrell 
et al.I975

Pfaff
1968

Pfaff & 
Keiner
1973

Pfaff
et al . 1976

Rodents, 
primates,

5 OVX 1-7 d earlier 
Single inj 3H-E

ARcarnivores ^ after I-3 h

E, T Rat ? OVX 14 d earlier
Single inj 3H-E 
+ after 0.5-2 h, AR

E Rat ? OVX 2-4 d earlier
Single inj 3H-E t after 2 h, AR

E Rhesus 9 OVX 1-3 d earlier
monkey Inf 20 min 3H-E

t after 2.5 h, AR

HT,POA 
Limbic

HT,Hip, 
Amy

HT,POA, 
Amy

HT,POA, 
Amy

CX.CB,
Caud

CX,CB

Raisinghani 
et al. 1968

Roy &
Laumas
1969
Seiki
et al . 1968

Wade & 
Feder
1972

Wade
et al . 1973

P

50C-DHP
T

Rat

Rat

Rat

<f Single inj P, high dose CB,BS 
Gas liquid chromatography 
t after I-30 min

? oestrus 
Inf 5 h 3H-T 
t after 5 h
V OVX 14 d earlier 
Single inj 3H-P 
t after 2-60 min

Guinea pig ? OVX 10-14 d earlier
E-priming.Single inj 33H-P 
t after 0.5-4 h

Rat, $ OVX 10-14 d earlier
guinea pig E-priming.Single inj 3H-P 

t after 4-24 h

CX,CB,BS 

Pit,HT

HT,Pit 
CB

HT,MB

HT, MB

CX

CX.CB,
MO

CX

CX
Hip

CX.Hip

Warembourg
1977

Whalen & 
Luttge
I97I

Guinea pig

Rat

9 OVX 10-27 d earlier 
Single inj 3H-E 
t after 1 h, AR
9 OVX 12-14 d earlier 
Single inj 3H-P 
t after 30-60 min

HT,POA

HT,CP

CX

CX

Whalen & 
Gorzalka 
1974

Rat $ OVX 6-11 d earlier Pit.HT
Single inj 3H-P 
f after 1 h

ABBREVIATIONS :P :progesterone;5<x-DHP:5«-dihydroprogesterone;E :estradiol;T : 
testosterone;Pit:pituitary;HT:hypothalamus ;POA:preoptic area;CX: cerebral 
cortex;CB: cerebellum;BS:brains tern;MO:medulla oblongata;Hip:hippocampus ;Amy 
amygdala;CP:cerebral peduncles;ME:median eminence;Caud:nucleus caudatus;
AR: autoradiography;OVX:ovariectomy ;Inj: injection ;Inf: infusion.

CX



12
Steroid transport to and uptake in the brain

Ovarian steroids are transported to the brain by the blood stream and are 
concentrated several-fold in the CNS (Pardridge et al., 1980a). 
Circulating ovarian steroids are to a great extent bound to either sex 
hormone-binding globulin (SHBG), transcortin or albumin. Only the free or 
albumin-bound fractions were found to be taken up by the brain (Pardridge 
et al.,1980b). In addition, the blood flow velocity seem to be an
important factor for the amounts of steroid that dissociate from albumin
and are taken up by a tissue (Pandridge, I98I). In normal women, 45 % of 
circulating estradiol and 62 % of testosterone were bound to SHBG, 2.0 and
1.5 %, respectively were free in plasma and the remainder was albumin-
bound (Södergård et al., 1982'). In the follicular phase women l8 % of the 
progesterone was bound to transcortin, 2.4 % unbound and the remainder was 
albumin-bound (Dunn et al,,I98I).

In rhesus monkeys, the brain extraction (estimated as the difference 
between the progesterone concentrations in the lateral sinus and the 
carotid blood) of progesterone was 26 %. The concentration of progesterone 
was 1.5-4.0 times higher in brain tissue than in the carotid blood 
(Billiar et al.,1975)* This brain sequestration of steroids was not due to 
lipid solubility (Pardridge et al., 1980a). The rate of sequestration into 
the brain was higher for gonadal steroids than for corticosterone and
correlated with a low CSF/plasma ratio (Marynick et al., 1977)* The
CSF/plasma ratio for estradiol, testosterone and progesterone in adult men
and women were reported by Bäckström et al., (1976). The ratio was higher 
for progesterone than for the other two steroids and the levels in CSF 
corresponded to the unbound plasma fraction (Bäckström et al., 1976).

Brain steroid receptors.

Specific intracellular receptors for estrogens were first characterized 
in the rat uterus (Jensen & Jacobson, 1962) but have also been discovered 
in the brain. In rats and primates, cytosol and nuclear estrogen receptors 
have been found in the pituitary, hypothalamus, preoptic area and amygdala 
and progesterone receptors in the pituitary, hypothalamus, preoptic area 
and cortex (Zigmond & McEwen, 1970; Kato & Onouchi, 1977; MacLusky & 
McEwen, I978; MacLusky &. McEwen, I98O; Keiner et al., I98O; MacLusky et 
al., I98O; Keefer, I98I; Rainbow et al., 1982; Michael et al., 1986). 
Testosterone receptors have been found in the pituitary, hypothalamus, 
preoptic area, and cortex of male rats (Naess et al., 1975; Naess, 1976). 
There is evidence that estradiol and testosterone involve the same 
receptor systems in the female primate brain (Michael et al., I986).

The progestin receptors in the rat brain are of two different types. The 
receptors in the pituitary, hyptohalamus and preoptic area could be 
induced by estrogens while the receptors in the amygdala, midbrain and 
cerebral cortex are insensitive to the priming effect of estrogens 
(MacLusky & McEwen, I98O). There are differences in the distribution and
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properties of progestin receptors in the rat and primate brain. In the 
brain of the bonnet monkey, progestin receptors were restricted to the 
hypothalamus and preoptic area and were inducible by estradiol only in the 
hypothalamus (MacLusky et al,, 1980). In addition to the binding to
intracellular receptors, gonadal steroids could also bind to synaptic 
plasma membranes. Estradiol, testosterone and progesterone have been shown 
to bind to synaptic plasma membranes in the brains of male rats. This 
binding was of a higher capacity and lower affinity than the binding to 
cytosol receptors (Towle & Sze, I983).

Steroid metabolism In the brain.

The metabolism of progesterone in rat brain has been studied in 
vivo and in vitro. Progesterone was shown to be metabolized to 5<*"DHP, 
preferably in the pituitary, hypothalamus and medulla oblongata. Smaller 
amounts of 3« -hydroxy-5a-pregnane-20-one (3oc-OH-5<*-P) were formed from 
5a-DHP in the pituitary and hypothalamus and 20a-reduced metabolites were 
detected in the cerebellum and pineal (for review, see Karavolas et al,,
1984). In the primate hypothalamus, progesterone was metabolized to 5<x -
pregnane-3.20-dione and 20a-hydroxypregnane-4-ene-3*-one (Billiar et al,, 
198I). The enzyme 5<*-reductase has been studied in mouse brain in
vitro (Roselli & Snipes, 1984) and in the human fetal brain in which it
was found in the hypothalamus and cerebrum (Saitoh et al., 1982).

Androgens were metabolized to estrogens in the brains of many species,
such as the rat, monkey and human. This aromatization took place in the
hypothalamus and limbic system and was more active in males than in
females (for review, see Naftolin & Ryan, 1975î MacLusky et al., 1984). 
Major metabolic routes for estradiol in the brain were the 2-and 4- 
hydroxylations forming the catechol estrogens. This metabolism was most 
active in the pituitary and hypothalamus in female rats (Ball et al., 
1978; MacLusky et al., 1984, review).

Effects of ovarian steroids on neurotransmission.

Estradiol is known t.i inhibit dopamine (DA) release from the median 
eminence (Cramer et al.,1979) and in high doses to increase efflux of 
catecholamines from hypothalamic tissue in vitro (Paul et al.,1979)• The 
re-uptake of noradrenaline (NA) in hypothalamic neurons in vitro was 
increased by estradiol and estradiol followed by progesterone decreased 
the uptake of DA, NA and serotonin (5-HT) in this tissue (Wirz-Justice et 
al., 1974; McEwen, I98O, review). In addition, estrogens interacted with 
neurotransmitter receptors and increased the sensitivity of DA receptors 
in the striatum (Hruska & Sibergeld,I98O). The ^-adrenergic receptor 
density was increased in the hypothalamus and decreased in the cortex by 
estrogen treatment (for review, see McEven et al., I98I). 5<*~DHF, and some 
other 5<x-reduced progesterone metabolites, have been shown to increase the 
binding of benzodiazepines to the y-aminobutyric acid (GABA) receptor in 
the same way as barbiturates do (Majewska et al., 1986; Harrison et al., 
1987). The DA turnover in specific parts of the median eminence was 
increased by estradiol (Löfström et al., 1977) or progesterone (Rance at
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al., 1981).

Ovarian steroids are also known to alter neuronal enzyme activities. The 
activity of catechol-O-methyltransferase (COMT) was inhibited by catechol- 
estrogens in in vitro preparations of rat pituitary, hypothalamus, 
thalamus and medulla oblongata (Breuer & Köster, 197*0. The monoamine 
oxidase (MAO) activity in the rat hypothalamus varied during the estrous 
cycle. The lowest activity was observed in estrous, and the highest in 
diestrous. However, no clear relation to plasma progesterone levels could 
be found (Holzhauer & Youdim, 1973)* In regularly menstruating women, 
platelet MAO activity changed during the cycle. The highest activity was 
noted during ovulation and the lowest 5 to 11 days later (Belmaker et al,,
197*0.

Steroid effects on brain excitability

The effect of steroids on brain excitability have been known for a long 
time. In the early 19**0's Selye (19**2) investigated the anaesthetic action 
of 75 different steroids in rats and found a relationship between the 
chemical structure and the anaesthetic property of steroids. Later it has 
been shown that progesterone could induce anaesthesia also in humans 
(Merryman et al,, 195*0« However, some progesterone metabolites, 
especially those that are reduced in position 5 of the molecule and those 
with a 3« -hydroxy-5 reduced molecule, are much more potent as CNS 
depressants than progesterone itself (Figdor et al., 1957ï Gyermek et al,, 
1968; Holzbauer, 1976, review). Progesterone increases the electroshock 
seizure threshold in animals in a dose dependent manner (Spiegel & Wycis, 
19**5) and can decrease the activity of an artificially evoked epileptic 
focus in the cat's cortex (Landgren et al., 1978). The effect of estradiol 
is the opposite since it decreases the electroshock seizure threshold in 
animals (Woolly & Timiras, 1962) and could induce an epileptic focus if 
applied directly on the cortex (Marcus et al., 1968). In rats, the 
discharge rate of single hypothalamic neurons could be elevated by 
estradiol (Kelly et al,, 1977)

In women with partial epilepsy an increase in epileptic spike frequency 
has been detected following intravenous estradiol administration whereas a 
decrease was shown subsequent to intravenous progesterone administration 
(Logothetis et al., 1959; Bäckström et al., 198*1). A variation of seizure 
frequency has been observed during the menstrual cycle, where the number 
of generalized seizures were lower during the luteal than during the 
follicular phase (Bäckström,1976; Newmark & Penry, 1980, review). An 
antiepileptic effect of medroxyprogesterone has also been reported 
(Mattson & Cramer, I985)•

Effects of ovarian steroids on gonadotropin release, ovulation and 
sexual behaviour.

In rats, estradiol or progesterone after estradiol priming facilitates 
release of luteinizing hormone (LH) and ovulation. However, progesterone 
given without estradiol priming is inhibitory (Homburg et al., 1976,
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review; Feder & Marrone, 1977» review; Rance et al., I98I). 5<*“DHP was 
shown to have the same effect on LH-release as progesterone but less 
pronounced (Gilles & Karavolas, I98I). In rhesus monkeys, estradiol also 
induces the LH surge (Nakai et al.,1978; Dierschke et al.,1973) but, apart 
from the rat, the mechanism only seems to involve the medial basal 
hypothalamus and not the preoptic area (Weick, I98I).

The mating behaviour in rats is induced by progesterone after estradiol 
priming (Beach, 1942; Barfield & Lisk, 1970; Södersten & Eneroth,198l 
Feder, 1984, review) and by progesterone implants in the median basal 
hypothalamus (Powers, 1972). It can also be inhibited by larger doses of 
progesterone (Morin, 1977*» Parsons et al., I98I). In rhesus monkey, the 
mating behaviour is not restricted to the ovulatory phase and the 
mechanism might be more complex (Feder, 1984, review). However, androgens 
seem to be involved in the sexual behaviour of female rhesus monkeys 
(Everitt & Herbert, 1975)*

Effects of ovarian steroids on mood and emotions

Progesterone and estradiol are often discussed in relation to the
etiology of the premenstrual tension syndrome (PMS). These hormones
regulate the menstrual cycle and the symptoms of the syndrome are closely
related to the luteal phase (Bäckström et al., I983). The symptoms
disappear in anovulatory cycles and can be induced by sequential 
replacement therapy in postmenopausal women (Hammarbäck et al., 1985)« 
However, the symptoms do not seem to be related to altered plasma 
concentrations, and the exact mechanism for provocation of symptoms is not 
known (Bancroft & Bäckström, 1985)• In addition, an increased brain 
sensitivity to ovarian steroids has been discussed (Bäckström et al.,
1985)» In women with PMS, lower platelet MAO activity than in controls has 
been reported (Hallman et al., 1987). MAO activity is affected by steroid 
plasma concentrations and varies during the menstrual cycle (see 
above).Exogenous administration of steroids, e.g. oral contraceptives 
tends to aggravate the symptoms in PMS (Cullberg, 1977)« Ovarian steroids 
have also been discussed in relation to other affective disorders such as 
post-parturn depression and mood changes during the menopause (Maggi & 
Perez, I985. review).

Possible mechanisms of steroid action in the brain

The binding of steroids to intracellular receptors, activation of the
genome for transcription and protein synthesis is one mechanism of action 
in the brain (Keiner et al.,I98O). The steroid effects on mating behaviour 
are probably mediated via this mechanism (Pfaff & McEwen, 1983). The 
effects mediated in this way take at least 5 to 10 minutes, but most
likely more than 15 minutes. Some of the effects require from hours to 
days (Meyerson, 1972; Parsons et al., I98O).

Another steroid mechanism in the brain is the interaction with monoamine 
receptors and metabolism, which has been described above. The control of 
sexual behaviour in rats seems to involve the activity of monoamine
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transmitters since DA and 5“HT inhibit this behaviour (Everitt et al., 
197*0. Interactions between monoamines and steroids have also been 
considered to take place in relation to the release of LRH from the 
hypothalamus (Rance et al., 1981). 5ot-DHP was shown to interact with the 
GABA-receptor in a barbiturate like manner (Majewska et al., 1986).

A third possible mechanism of action may be by a direct action on the 
nerve cell membrane. Steroids have been shown to alter membrane ionic 
permeability (Dufy et al.,1979) and, at least in the oocyte, steroids 
interact with adenylate cyclase activity (Baulieu,1983). Binding of 
steroids to synaptic plasma membranes in rat brain have been reported 
(Towle & Sze,1983). Effects exerted by steroid-membrane interactions are 
probably much more rapid than effects exerted via binding to intracellular 
receptors. The effect of estradiol on an individual hypothalamic neuron is 
produced within milliseconds (Kelly et al., 1977). The steroid effect on 
brain excitability might be mediated via membrane-interactions. In a 
recent study, in which 3<*-OH-5oc-P was injected into the lingual artery of 
oophorectomized cats with penicillin foci, a total inhibition of epileptic 
spikes was seen after seconds (Landgren et al.,I987).

To sum up, the many different steroid effects in the CNS indicate several 
modes of action and, as discussed above, some of these effects are 
probably not mediated via the classical binding to intracellular 
receptors. In addition, the effect on neuronal membranes might be exerted 
at lower steroid concentrations and with lower affinity binding. In most 
of the earlier studies, high affinity binding to intracellular receptors 
have been investigated, but the mechanisms of membrane binding are still 
not very well known. It is probable that brain regions with membrane 
binding have a closer relationship with steroid concentrations in plasma. 
Therefore, it might be of interest to study the physiological steroid 
concentrations in the brain in different endocrine states and to compare 
them with steroid concentrations during pharmacological conditions.

THE AIMS OF THE PRESENT STUDY
The aims of the present work were
- to study the regional distribution of ovarian steroids in rat brain 

during physiological conditions and to compare different phases in the 
estrous cycle,
- to describe the regional distribution and metabolism of progesterone to 

5a-DHP in rat brain at progesterone induced "anesthesia” and
- to measure the concentrations of ovarian steroids in specific areas of 

the human brain in fertile compared to post-menopausal women.
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Animal studies (I-IV)

Immature female Sprague-Dawley rats (Anticimex Ltd, Stockholm, Sweden; 
ALAB, Sollentuna, Sweden) weighing 50-100 g were used. They were housed in 
group cages together with their mothers and maintained on a 12/12 h 
light/dark schedule (light period: 06.00-18.00) under standardized
conditions (20-23°C, *10-60% humidity) with free access to food and water.

In the studies based on the PMSG-model (I, II, IV), each rat was given an 
injection of 4 IU Pregnant Mare's Serum Gonadotropin (PMSG; Sigma Chemical 
Company, St Louis, Mo, USA) in 0.2 ml saline subcutaneously at age 25 
days. In this model, ovulation occurs 65-67 h after the injection and the 
corpora lutea produce progesterone for 4 days (Hashimoto & Wiest,1969). 
The approximate variations of plasma estradiol and progesterone are shown 
in Fig.l. The rats were killed at either of two times: 17-19 h before the 
ovulation, during the preovulatory plasma estradiol peak, when plasma 
progesterone concentrations are low (II), and 55~57 h after the ovulation 
when plasma progesterone concentrations are rising and plasma estradiol is 
lower (I, II, IV, Fig.l). In one group for post-mortal studies, the 
postovulatory rats were kept at different temperatures for various periods 
of time after death (IV). In another group, the 25 day rats were 
anaesthetized with an intravenous injection of progesterone before they 
were killed (III).

Progesterone
Estradiol

CL

3024 25

t t t  t
8 a.m. 3 -5  a.m.

PM SG-inj. f  Ovulation •{■

A ge, days

Fig 1. Approximate variations of estradiol and progesterone in plasma of 
immature rats after induction of ovulation with Pregnant Mare Serum 
Gonadotropin (PMSG).
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The rats were killed by decapitation and the blood collected. The brains 

were dissected immediately, largely according to Glowinski and Iversen 
(1966; Fig.2), in the following manner: The cerebellum was removed by 
cutting the cerebellar peduncles. The medulla oblongata and pons were 
separated by a vertical section between the pons and mesencephalon. A 
vertical section through the optic chiasm and anterior commisure was made. 
Thereby, the striatum was divided in a frontal and a dorsal part which 
were removed from the surrounding white matter. The hypothalamus was 
removed by cutting into the white matter between the hypothalamus and 
thalamus with the optic chiasm as the frontal anterior border. The side 
ventricles were carefully exposed and the hippocampus was rolled backwards 
and removed by a section along the fissura hippocampi. The mesencephalon 
was separated from the cortex. The two cortical parts were carefully freed 
from the underlying white matter.

Human post-mortal studies (V)

Brains from fertile and postmenopausal women were obtained at autopsy 
over a period of 5 years. Non of the subjects had any history of 
neurological disease or had recently been treated with steroids. The cause 
of death was cardiovascular, suicide or accident. The time between death 
and autopsy was 2*1-69 h (Table I in paper V). Macroscopic and microscopic 
examinations of uterus and ovaries were done to establish the cycle phase. 
Blood was collected for the same purpose. I7 different brain areas were 
dissected out macroscopically directly after removal of the brain from the 
skull (The dissection procedure is described in detail in paper V).

Sample preparation (I-V)

After weighing, the brain tissue samples were extracted with 10-15 ml of 
ethanol 95% (Spir cone, AB Svensk sprit, Sundsvall, Sweden) for seven 
days. The accuracy of this extraction method was tested as follows. Three 
rats weighing 3O-IOO g each were injected with 1.2 MBq of 3H-progesterone 
intraperitoneally. After two hours the rats were decapitated and the 
brains were divided sagitally into two equal parts. The right halves were 
homogenized in a Labassco homogenizer (AB Labassco, Gothenburg, Sweden) 
and duplicates of 20% of each homogenate were treated with 3 ml of 
Soluene-100 (Packard Instruments Co Inc, Downers Grove, 111, USA) for 20 
minutes. The left halves were extracted with 10 ml each of ethanbl for 
seven days and 2 ml of each extract in duplicates were taken to 
measurement. All the samples from both brain halves were mixed with I5 ml 
of Safe-fluor (Lumac Systems Inc, Titusville, FI, USA) and the 
radioactivity was measured in a Packard scintillation counter. The mean 
activity in the right half was 66.7 Bq/mg wet weight and in the left 67.3  
Bq/mg wet weight.

The plasma was extracted with hexane (Merck, pro analysi) for 
progesterone and 5<*“DHP measurements and with diethyl ether (Merck, pro 
analysi) for estradiol and testosterone measurements.
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Fro. 1.—Diagrammatic representation of dissection procedure for rat brain. Dotted 
lines indicate positions of initial sections.

Fig 2 . J. Glowinski and L.L. Iversen, 1966
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Celite chromatography (II, III, V)

The steroids in tissue and plasma samples were separated with celite 
column chromatography, as described by Brenner et al. (1973) and Bäckström 
et al. (1986). Glass columns (inner diameter 5 mm) were tightly packed 
with celite (Manville, Denver, Co, USA), preheated at +600°C for 12 hours 
and saturated with propylene glycol (Merck, pro analyst), to a height of 
50 mm. Nitrogen was used to percolate all solvents through the columns. 
Purified 3H-steroids were added to the extracts for recovery measurements. 
For progesterone and 5<*“DHP elutions the samples (500 |il«3-3% of the
extract) were dissolved in isooctane (Merck, pro analyst) saturated with 
propylene glycol. Isooctane was used as the mobile phase. 5<*”0HP was 
eluted with 3 ml of isooctane and progesterone with a further 3 ml.

For estradiol and testosterone elutions the columns were packed with 
ethylene glycol (Merck,pro analyst) saturated celite, otherwise procedures 
were the same. The samples (6 ml=*10-70# of the extract) were dissolved in 
1 ml of isooctane saturated with ethylene glycol before chromatography. 
Isooctane (*♦ ml) and 3*5 ml of isooctane :ethylacetate (95:5) were 
percolated through the columns and thereafter testosterone was eluted with
3.5 ml of isooctane:ethylacetate (85:15) and estradiol with 3*5 ml of 
isooctane:ethylacetate (50:50).
The samples were evaporated under nitrogen and dissolved in ethanol. The 
solutions were divided for recovery measurements (20%) and 
radioimmunoassay (IO-8O#).

Hormone assay (I-V)

Concentrations of the various steroids were measured by radioimmunoassay 
(RIA). The estradiol antiserum (raised against 17$-estradiol 6-BSA; Miles- 
Yeda Ltd, Rehavot, Israel) and the testosterone antiserum (raised against 
testosterone-3oxime-BSA; Dr L. Edqvist, Swedish University of Agricultural 
Sciences, Uppsala, Sweden) were prepared, as described by Carstensen & 
Bäckström (1976). For progesterone and 5a-DHP assays an antiserum against 
progesterone-ll-succinate-BSA (Endocrine Science, Terzana, CA, USA) was 
used. The cross-reactivity of this antiserum is shown in Table II. The 
antiserum showed about 30% cross-reactivity to 5a-DHP which have been 
considered to be sufficient for using it in the 5<*-DHP-RIA (Bäckström et 
al., 1986). The cross-reaction to 5ß~DHP was low (5-5%) and might be of 
minor importance, especially since low amounts of the extract were assayed 
for 5a-DHP.
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In the studies described in papers I and IV progesterone was assayed 

directly in ethanol extracts. The accuracy of this method was tested by 
measuring the samples with and without preceding paper chromatography in a 
modified Bush A2 system (Carstensen & Bäckström, 1976). There was no 
significant difference between the two groups (mean 48.7 and 52.5 P8. 
respectively; see paper I). Thus, the cross-reactivity to 5<*“DHP was not 
detected in this experiment. The reason for this might be that the 
affinity to the antibody is much higher for progesterone than for 5<x-DHP.

In the studies presented in papers I and II accuracy tests for measuring 
progesterone and estradiol in brain tissue extracts were performed. 
Firstly, amounts of recovered steroid were measured when increasing 
quantities of steroid were added to a specific amount of the extract. 
Secondly, the concentrations of steroid in increasing amounts of the same 
extract were measured (the parallelism test). None of these tests revealed 
the presence of any interfering substances in the extracts or any 
methodological error.

The chromatographic profiles for progesterone and 5oc-DHP in a rat cortex 
extract, when different amounts of extract were taken , are presented in 
Fig.3* The amounts of cross-reacting substances were low when the amount 
of extract was low and 5<*"DHP was clearly separated from progesterone. In 
the top figure the amount of extract was 10 times higher than in the 
bottom figure.

The interassay coefficient of variation was 6# for progesterone, 11# for 
5a-DHP, 10# for estradiol and 3% for testosterone. The sensitivity was 5~ 
10 pg for progesterone and estradiol, 25-60 pg for 5^-DHP and 10 pg for 
testosterone (I-V).

TABLE II. Cross-reaction to an antiserum against progesterone-11-
succinate-BSA (#).

Progesterone 5<*-DHP
(100#) (100#)

Progesterone 100 319

5a-pregnane-3.20-dione 31 100

5ß-pregnane-3,20-dione 8.5 26

5<x-pregnan-3a-ol ,20-one 1.1 3*6

-pregnen-20a-ol-3_one 0.6 1.9

A5-pregnen-30-ol,2O-one 0.5 1*5

5cx-pregnan-3ß-ol ,20-one 0.2 0.7

5ß-pregnan-3oc-ol ,20-one 0.1 0.4

5a-pregnane-3ß.20ß-diol <0.1 <0.1



PG
/F

RA
CT

IO
N 

PG 
/ 
FR 

AC
T 

I O
N

22 &-DHP AND PROGESTERONE

PROGESTERONE

ELUTE FRACTION NUMBRER
Fig 3» Chromatographic profiles in an extract from rat cortex during the 
luteal phase when progesterone production was high. Samples were assayed 
as described in METHODS. In the top figure 5 # of the total amount of 
extract was added to the celite column. In the bottom figure 0.5 % of the 
extract was added to the column. 100 % of each fraction (1 ml) eluted was 
taken for radoimmunoassay.
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Statistical methods

Analysis of variance (ANOVA) and non parametric statistics (the Mann- 
Whitney U-test, Wilcoxon's paired sign rank test and the Spearman rank 
correlation test), have been used to detect significant differences and 
correlations between steroid concentrations (Siegel, 1956). The values 
have been given as the mean±SEM or, when the number of observations was 
low, as the median (range).
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RESULTS

Regional distribution of estradiol and progesterone in rat brain (I-

The brain distributions of estradiol and progesterone pre- and 
postovulatory are presented in Tables III and IV. In all the brain areas a 
significant and uniform decline in estradiol concentrations postovulatory 
compared to preovulatory was noted. The highest estradiol concentrations 
were noted in the hypothalamus and striatum both pre- and postovulatory.

Progesterone concentrations were significantly higher before the 
ovulation than after, but the increase was not of the same magnitude in 
all the brain areas. The greatest increase was found in the cerebral 
cortex and was six-fold greater than that in any other area.

A certain degree of variability was evident in these results. This might 
be due to different ovulation rate after induction with PMSG in the rats. 
The number of corpora lutea varied between 8 and 13 in the postovulatory 
rats. There was a significantly positive correlation between the number of 
corpora lutea and plasma levels of progesterone in these rats (Fig 4).
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Fig 4. Relationship between the number of corpora lutea and the plasma 
progesterone concentration in rats treated with Pregnant Mare’s Serum 
Gonadotropin (PMSG).
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TABLE III. The concentration of estradiol (mean±SEM) in different 
areas of the brain and plasma pre- and postovulatory in rats treated with 
Pregnant Mare's Serum Gonadotropin (PMSG).

Preovulatory Postovulatory
conc. pg/g conc. pg/g

Cerebral cortex 66 ±10 30 ±26

Hypothalamus 260 ±26 a 110 ±11 1

Hippocampus 110 ±13 48 ±15

Striatum 200 ±39 a 75 ±13

Midbrain 140 ±15 50 ± 7.5

Cerebellum 110 ±19 41 ± 7.5

Medulla oblongata 150 ±15 56 ±17

Plasma 81 ± 9.2 7.4± 6.3

a =Significantly higher concentrations than in the cerebral cortex, 
hippocampus, midbrain, cerebellum and medulla oblongata; p<0.01.
ß =Significantly higher concentrations than in the midbrain and 

hippocampus; p<0.05*

TABLE IV. Concentrations of progesterone (mean±SEM) in different 
areas of the rat brain during physiological conditions, pre- and post
ovulatory and when administered in pharmacological doses (1-2 mg i.v.).

Preovulatory Postovulatory Anaesthetic
conc. pg/mg conc. pg/mg conc. ng/mg

Cerebral cortex <0.1 31±2.4 » 12 ±2.2

Hypothalamus 3.5 ±0.68 a 29±2.1 f* 23 ±4.3 y

Hippocampus 0.88±0.22 21±2.6 * 20 ±4.5
Striatum 4.6 ±0.88 a 17±2.1 23 ±5.3 y

Midbrain 0.28±0.06 15*2.3 16 ±4.1

Cerebellum 0.43±0.17 13*1.9 17 ±3.,4

Medulla oblongata 0.39±0.11 13±2.3 22 ±4.2 y

Plasma 2.4 ±1.8 29±2.1 6.4±1.6

a «Significantly higher concentrations than in the cerebral cortex, 
hippocampus, midbrain, cerebellum and medulla oblongata; p<0.01. 
ß «Significantly higher concentrations than in the striatum, midbrain, 
cerebellum and medulla oblongata; p<0.01.
y «Significantly higher concentrations than in the cerebral cortex, 
hippocampus, midbrain and cerebellum; p<0.05*
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Brain distributions of progesterone and 5tt“Pregnane-3»20-dione at 
progesterone induced anaesthesia (III)

High progesterone concentrations in the rat brain were found at the time 
of ”anaesthesia” (loss of righting reflex), following an intravenous 
injection of progesterone in pharmacological doses. The brain 
concentrations were 2-4 times higher than in plasma. In addition, large 
quantities of 5<*“DHP were detected in the rat brain. The ratio of 5«-DHP 
to progesterone was approximately 100 times higher in brain tissue than in 
plasma. The highest ratio was found in the medulla oblongata (Table V).

TABLE V. Concentrations of progesterone and 5<*“pregnane-3.20-dione, 
5a-DHP, (mean±SEM) and the ratio of 5<*~0HP to progesterone in plasma and 
brain tissue at progesterone induced ”anesthesia”.

PROGESTERONE 5a-DHP 5<x-DHP/PR0GESTER0NE
(ng/mg) (ng/mg)

Plasma 6.42±1.59 0.049*0.021 0.03

Striatum 23-3 *5.27 ß 11.5 *1-74 y 0.49

Hypothalamus 22.7 ±4.30 a 9.11 *1.42 ß 0.44

Medulla
oblongata 21.8 ±4.17 ß 10.3 *2.07 fi 0.53 S

Hippocampus 19.6 ±4.49 10.4 ±3-15 S 0 .5I

Cerebellum 16.9 *3-39 5-74 *1.82 O .36

Midbrain I6.3 *4.05 6.81 *1.08 0.37

Cerebral
cortex 12.0 ±2.16 3-37 ±0.71 0.35

a = Significantly higher concentrations than in the cerebellum, 
midbrain, cerebral cortex and hippocampus; p < O.O5 .
ß = Significantly higher concentrations than in the 

cerebellum, midbrain and cerebral cortex ; p < O.O5 .
y = Significantly higher concentrations than in the cerebellum,

midbrain, cerebral cortex and hypothalamus; p < 0 .05*
8 = Significantly higher concentrations than in the cerebellum and

cerebral cortex; p < O.O5 .
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Brain progesterone concentrations at different plasma levels (I-
III)
The regional distribution of progesterone in rat brain was different at 

different plasma concentrations (Table IV). All regions showed different 
progesterone concentrations in preovulatory, postovulatory and 
anaesthetized rats. However, there was a linear relationship between 
plasma and brain tissue concentrations in all regions in the three groups 
taken together (R=0.85-0 .95; p<0.001).

The hypothalamus displayed higher concentrations compared to the other 
regions in all three situations. In the postovulatory rats, a high 
concentration in the cerebral cortex was found but when pharmacological 
doses were administered the highest concentrations were in the striatum 
and medulla oblongata.

Post-mortem stability of progesterone in brain (IV)

Progesterone brain concentrations in rats kept at +20°C or +4°C for 0 to 
48 hours after death were studied. The changes in concentrations post
mortem in three of the brain areas are shown in Fig 5« After four hours at 
room temperature (+20°C) the concentrations in the hypothalamus and 
hippocampus were not significantly lower than in controls. After placement 
in a refrigerator (+4°C) no further changes in brain progesterone 
concentrations occurred.

The human brain cooling curve (Fig 6) was similar to the rat brain 
cooling curve (see paper IV), although the time interval was different 
because of the difference in body masses.

POSTMORTAL BRAINTEMPERATURE

i
&&<Dh- • •

>  M

Time, hours
Fig 6̂  Mean cooling curve of human brain post-mortem. The bodies were kept 
at +4 C and the deep temperature was taken from an electrode placed in the 
thalamic region.
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Concentrations of progesterone, 5«-DHP, estradiol and testosterone were 
measured in 17 brain areas of 6 fertile and 5 postmenopausal women. In Fig 
7, the concentrations of the four steroids in some specific brain regions 
in the fertile women are shown. High concentrations were found in the 
hypothalamus and substantia nigra. In addition, the amygdala and nucleus 
accumbens displayed high progesterone concentrations and the preoptic area 
high 5«-DHP and estradiol concentrations.

Higher concentrations of progesterone and estradiol were found in several 
brain areas in fertile compared to post-menopausal women (Fig.8 and 9)» No 
significant differences in 5<*-DHP and testosterone concentrations between 
the two groups were detected.
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Fig 8. The median concentration of progesterone in plasma and specific 
regions of the brain in fertile and postmenopausal women. Significant 
differences between the two groups; * = p < 0 .05, ** = p < 0.01.
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Fig 9. The median concentration of estradiol in plasma and specific 
regions of the brain in fertile and postmenopausal women. Significant 
differences between the two groups; * = p < 0 .05.
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Fig 7. The median concentration of progesterone (ng/g), 5«-pregnane-3.20- 
dione(ng/g), estradiol (pg/g) and testosterone (pg/g) in specific regions 
of the brain of 5 fertile women. A: parietal cortex, B: temporal cortex, 
C: amygdala, D: medulla oblongata, E: nucleus accumbens, F: substantia
nigra, G: cerebellum, H: preoptic area, I: medial hypothalamus, K: basal
hypothalamus.
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Relationships between plasma and brain steroid concentrations in 
rats and humans

In preovulatory rats, there was a positive correlation between estradiol 
concentration in plasma and in the cerebral cortex, midbrain, medulla 
oblongata and cerebellum (p<0 .05)t but no correlation between progesterone 
concentrations in plasma and brain. In the postovulatory rats, a positive 
correlation between progesterone concentrations in plasma and in the 
cerebral cortex was found (p<0.01), but no correlation between plasma 
estradiol and brain concentrations could be found.

In rats treated with pharmacological doses of progesterone, a positive 
correlation between progesterone concentrations in plasma and in all the 
brain areas (p<0.05), except the midbrain, was found. No correlation 
existed between 5<**"DHP concentrations in plasma and brain.

In fertile and postmenopausal women the strongest relationship between 
plasma and brain steroid concentrations was found for progesterone. The 
concentrations in all brain areas, except the basal hypothalamus, 
substantia nigra and thalamus, correlated with plasma concentrations 
(RS=0.75~0.99î p<0.05). The brain concentrations of 5<*-DHP showed no
correlation to plasma. There was a positive correlation between 
concentrations of estradiol in plasma and in the preoptic area, basal 
hypothalamus and nucleus accumbens (p<0.05) and between concentrations of 
testosterone in plasma and in the nucleus accumbens (p<0.05).

Comparison between distributions of progesterone and estradiol in 
rat and human brain (II,V)

In postovulatory rats, the highest concentrations of progesterone were 
found in the cerebral cortex, hypothalamus and hippocampus and the lowest 
in the medulla oblongata and cerebellum. In fertile women (most of them in 
the luteal phase) the highest progesterone concentrations were in the 
nucleus accumbens, amygdala, substantia nigra and medial hypothalamus and 
the lowest in the thalamus, pons and medulla oblongata.

The highest concentrations of estradiol in the postovulatory rats were 
found in the hypothalamus and striatum and the lowest in the cerebral 
cortex and cerebellum. In fertile women, the highest concentrations were 
in the basal hypothalamus, preoptic area and substantia nigra ahd the 
lowest in the putamen, hippocampus and medulla oblongata.
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DISCUSSION

Steroid uptake in the brain.

The present study have shown regional differences in brain steroid 
concentrations in both rats and humans. The uptake of steroids in brain 
tissue may depend on several different factors. It has earlier been 
established that the dissociation of steroids from plasma proteins and 
their uptake into tissues is different at different blood flow velocity. A 
low velocity tended to increase the omunts of steroid dissociated from 
albumin (Pandridge, I98I). However, the regional blood flow (ml/min) might 
also be of importance. The cerebral blood flow in rats was greatest in the 
cerebral cortex (Dahlgren & Siesjö, I98I). The binding of steroids to 
receptor proteins in specific regions of the brain is however well 
established (See Introduction). The regional brain distribution of 
steroids in the present study does only partly agree with the distribution 
of intracellular steroid receptors. This may suggest other uptake 
mechanisms for steroids in the brain, perhaps low affinity binding to 
neuronal cell membranes.

Distributions of ovarian steroids in the rat brain pre- and 
postovulatory

Variations in the endogenous production of ovarian steroids in rats are 
reflected in the brain. In our study in pre- and postovulatory rats, the 
brain concentrations of progesterone and estradiol were related to the 
state of ovarian activity. However, within the ovarian phase, the brain 
tissue concentrations were only partly related to the plasma variations. 
These findings indicate an accumulation of progesterone and estradiol in 
specific regons of the rat brain. In earlier studies, a specific uptake of 
progesterone in rat hypothalamus was shown while the concentrations in the 
cerebral cortex were lower (Seiki et al., I968; Wade et al., 1973; Whalen 
& Gorzalka, 197^ï Karavolas et al., 1976; Warembourg, 1978; Whalen & 
Luttge, 1971)- This is not in agreement with our results since we found 
the highest uptake of progesterone in the cerebral cortex in the 
postovulatory rats. This brain area contains specific progesterone 
receptors of a different type as compared to the receptors in the 
hypothalamus, since the former do not respond to the priming effect of 
estradiol (MacLusky & McEwen, I98O).

Earlier studies of estradiol uptake in the rat brain have shown 
accumulation in the hypothalamus and limbic system (Eisenfeld & Axelrod, 
1965; Kato & Villie, 1967; Pfaff, 1968; McEwen & Pfaff, 1970; Luttge L 
Whalen, 1972; Pfaff & Keiner, 1973)« This is in accordance with our study 
where the highest estradiol concentrations both pre- and postovulatory 
were found in the hypothalamus.

The differences between our results and earlier ones might be due to
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differences in methods. In earlier studies, ovariectomized animals were 
given a single injection of labelled steroid, whereupon the animals were 
sacrificed after different periods of time. The disadvantage of this 
method might be that the binding of steroid is limited to binding sites 
with the greatest affinity because the hormones are rapidly removed by the 
blood stream and thereby prevented from binding to lower affinity sites. 
However, in intact animals there is a continuous secretion of ovarian
steroids and a more prolonged supply of hormones to the brain. This might
cause a more widespread brain distribution and binding also to lower
affinity sites. For instance, the binding of steroids to synaptic plasma 
membranes is of a lower affinity than the binding to cytosol receptors. 
However, the binding capacity of the membrane sites is 30-fold higher than
that of the cytosol receptors (Towle & Sze, 1983). There are other factors
of importance to the uptake and binding of steroids in the brain such as
the binding of steroids to plasma proteins and the priming effect of
estradiol on progesterone receptors in the brain (Mac Lusky & McEwen, 
I98O; Pardridge et al,, 1980b). In regard to these mechanisms the
conditions in the intact animal are different than in the ovariectomized 
one. The advantage of using a single injection technique could be that the 
amounts of steroid administered are known and that the steroids are indeed 
taken up into the brain from the blood.

Distributions of progesterone and 5<*”DHP in rat brain at 
progesterone induced anaesthesia
When progesterone was administered in pharmacological doses there was a 
rapid and high uptake in the rat brain and a correlation between 
progesterone concentrations in plasma and in brain was noted. High 
concentrations of 5<*-DHP was also found in the brain but could hardly be 
detected in plasma. There was no correlation between 5<*-DHP concentrations 
in plasma and brain. The ratio of 5«~DHP to progesterone varied within the 
brain.

These findings suggest a formation of 5<*~DHP from progesterone in the 
brain and they support earlier results (Billiar et al., 1975; Raisinghani 
et al., 1968). The highest formation ratio was found in the medulla 
oblongata which indicates regional differences in this metabolism. Since 
the anaesthetic effect of 5«-DHP is much more potent than the effect of 
progesterone, this metabolic step might be involved in the anaesthetic 
action of progesterone.

Ovarian steroids in the human brain
There are many difficulties in working with human post-mortal material. 

The autolytic process rapidly alters the conditions in the tissues and the 
previous history and influence of illness and other factors on the human 
subject can not be fully known or taken into account. In our study of 
post-mortal changes of progesterone distribution in the rat brain (paper 
IV) we noted that the regional differences became less prominent during
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the autolytic process. We supposed this to be due to the death and 
disintegration of brain cells. However, some of the regional differences 
of steroid concentrations in the brain remained post-mortem, especially 
when the animals were stored at +4°C. In the human brain, differences 
between steroid concentrations in fertile compared to post menopausal 
women could be found up to almost three days after death.

When compared to earlier animal studies, our results are in agreement as 
comparatively high concentraions of the ovarian steroids were found in the 
human hypothalamus (Karavolas et al., 1976; Pfaff, 1968; Pfaff et al.,

1976). In earlier human studies,the highest concentrations of 
progesterone, estradiol and testosterone were found in the amygdala, while 
the concentrations in the hypothalamus were similar to those in the 
cerebral cortex of postmenopausal women (Hammond et al., 1983; Lanthier L 
Patwardhan, I986). These findings disagree with our results in the 
postmenopausal group. However, the number of subjects studied earlier were 
only two in each report and five or nine brain areas were investigated. In 
these earlier studies, several areas showed nondetectable concentrations, 
although not in the same areas in the two studies. The concentrations in 
our study lie inbetween the concentrations reported. This could be due to 
differences in patients, post-mortem conditions or methods.

In the present study, higher concentrations of progesterone and estradiol 
were noted in several brain areas in fertile compared to postmenopausal 
women. This suggests that the endocrine state is reflected in the brain 
also in humans.

The regional brain distributions of the four steroids investigated in 
this study were slightly different from each other. In general, high 
concentrations were found in the hypothalamus, preoptic area, amygdala, 
substantia nigra and nucleus accumbens. These are areas associated with 
the regulation of reproduction (hypothalamus and preoptic area) and
monoamine systems (hypothalamus, substantia nigra, amygdala and nucleus
accumbens). In rats, the hypothalamus and preoptic area are involved in
the mechanism of ovulation and mating behaviour (Wise et al 1981; Feder
1984, review). In humans, substantia nigra is part of the nigro-striatal 
dopamine system and the nucleus accumbens contains high concentrations of 
both dopamine and noradrenaline (Nyberg et al I983)•

Ovarian steroids in relation to specific clinical conditions

The role of progesterone and estradiol in the cataménial exacerbations in 
women with partial epilepsy is well established (Bäckström, 1976; 
Bäckström et al., 1984). 5<x-DHP which is more potent as a CNS depressant 
is formed from progesterone within the animal brain (Karavolas et al., 
1984, review; Billiar et al., I98I). The findings of high 5<*”DHP 
concentrations in specific regions of the human brain is of interest in 
this regard. The ratio of 5oc-DHP to progesterone was highest in the 
hypothalamus, which is an area with high activity of the converting enzyme 
in this process, 5«-reductase, in the primate brain (Billiar et al.,
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1981). However, partial epilepsy is often caused by a cortical lesion ana 
the steroid effect on the cerebral cortex is likely to be of a greater 
importance. In women with petit mal epilepsy, which is not usually 
associated with focal cortical activity, the symptoms are aggravated 
during the luteal phase, and not, as in partial epilepsy, during the 
follicular phase (Bäckström et al,, 1983). which may suggest a different 
mechanism of steroid influence in this condition.

Progesterone and estradiol are also considered as etiological factors in 
the premenstrual tension syndrome. A relationship between the symptoms and 
the luteal phase, when plasma concentrations of estradiol and progesterone 
are high, has been established (Bäckström et al,, 1983)« The ratio of
estradiol to progesterone in the present study varied within the brain and 
was highest in the hypothalamus and lowest in the limbic structures (V).

Estrogens are shown to affect motor activities in rats (Hruska & 
Silbergeld, 1980), and there is some evidence of estrogen and progesterone 
involvement in extrapyramidal malfunctions, such as chorea and tardive 
dyskinesia in humans (Maggi & Perez, 1985. review). Thus, our finding of 
ovarian steroids in the extrapyramidal system, e.g. the striatum and 
substantia nigra, could be of significance. Clumsiness, a common symptom 
in the PMS (Dalton, 1984)»could be due to steroid influence on motor 
activities.

As stated above, ovarian steroids exert a diverse variety of effects on 
the the CNS. However, the regional brain distribution is not in accordance 
with the distribution of intracellular steroid receptors. This may suggest 
other uptake mechanisms and binding of steroid hormones in the brain.

In conclusion, the present study shows 
-that the endogenous production of ovarian steroids in rats is reflected 

in the brain and that there are regional differences in the steroid uptake 
in rat brain.
-that the metabolism of progesterone to 5<*-DHP in rat brain at

progesterone induced anaesthesia shows regional differences,
-that concentrations of progesterone and estradiol in the human brain are 

higher in fertile compared to postmenopausal women,
-that the concentrations of progesterone, 5<*-DHP, estradiol and

testosterone demonstrate regional differences in the human brain.



36 ACKNOWLEDGEMENTS
I wish to express my gratitude to the following persons:
Docent Torbjörn Bäckström, my supervisor and friend, for sharing with me his deep 

knowledge in neurendocrinology and for his unfailing enthusiasm and many brilliant 
ideas.

Professor Bengt Winblad, my supervisor and friend, who introduced me to the field of 
neuropathology, for his guidance in life as well as in scientific work.

Professor Frank Bergman, for Jiis kind and supporting attitude to my work at the 
Department of Pathology.

Professor Sven Landgren and Professor Ake Vallbo, former and present Head of the 
Department of Physiology, for their kind and supporting attitude to my work.

Docent Gunnar Selstam, for co-operation, stimulating discussions and for providing 
laboratory facilities at the Derpartment of Physiology.

Dr Stefan Cajander, for co-operation and for freely giving of his knowledge in 
endocrinology and pathology.

Docent Anders Eriksson and Christer Gezelius at the Department of Forensic medicine, 
for kind help with thç collection of brain tissue.

Docent Jan-Erik Damber, Drs Mats Gåfvels, Ulla-Britt Johansson, Marene Landström, Jan 
Olofsson, Anders Widmark and all the other former or present members of the "Endo-
group” at the Department of Physiology, for fruitful discussions and constructive
critisism.

Agneta Andersson, for excellent laboratory work and for being a true friend.

Marielouise Rönnmark for excellent photographic and artistic work, Jonas Ringqvist 
and Lars Bäckström for solving my computer-problems, Kerstin Falk for taking care of 
the animals, Christina Sandström for technical assistance, Maggie Östman for kindly 
lending me her computer-terminal and the rest of the staff at the Department of 
Physiology for friendly chats in the coffee room.

Birgitta Forsgren and Karin Gladh, for excellent typing.

Birger Brändström and Sakari Seittu, for kind support at autopsy and for nice early 
morning chats.

Gertrud Nilsson, for skilful histopathological work.

Robert Elston, for english language revision.

Dr Irina Alafuzoff and Eva Dehlin, for honest discussions and for being such good
friends.

Dr Per Almqvist, Inger Bäckström, Harriet Elstig, Kristina Eriksson, Dr Christopher 
Fowler, Johan Gottfries, Dr John Hardy, Dr Jan Marcusson, Dr Per Nyberg, Dr Ann-Marie 
O'Carroll, Dr Cora O'Neill, Ann-Britt Pettersson, Dr Bill Wallace and Dr Per Wester, 
all former or present members of our research group, for support, honest criticism and 
many fine parties.

Assar, and my family and friends in Mörsil, for love and support.

This study was supported by grants from the Medical Faculty, University of Umeå, the 
Medical Research Council, Norra sjukvårdsregionen, King Gustaf V and Queen Victoria's 
Foundation, K 0 Hansson's, Osterman's Stohne's and Thuring's Foundations, De 
neurologiskt handikappades riksförbund.



37

REFERENCES

APPELGREN L. Sites of steroid hormone formation. Acta Physiol Scand (Suppl 
301) 61-69, 1967.

ATTRAMADAL A. The uptake and intracellular localization of oestradiol- 
17ß.6.7~H in the anterior pituitary and the hypothalamus of the rat. Acta
path et microbiol scand 6l: I5I-I52, 1964.

BALL P, HAUPT M & KNUPPEN R. Comparative studies on the metabolism of 
oestradiol in the brain, the pituitary and the liver of the rat. Acta 
Endocrinol 87: 1-11, 1978.

BANCROFT J & BÄCKSTRÖM T. Premenstrual syndrome. Clin Endocrinol 22:313“
336. 1985.

BARFIELD M A & LISK R D. Advancement of behavioral estrus by subcutaneous 
injection of progesterone in the four-day cyclic rat. Endocrinology 87:
IO96-IO98, 197O.

BAULIEU E-E. Steroid-membrane adenylate cyclase interactions during 
Xenopus laevis oocyte meiosis reinitiation. In: Progesterone and
Progestins, Bardin W, Milgröm E & Mauvais-Jarvis P(Eds), Raven Press, New
York, pp. 91-105. 1983.

BEACH F A. Importance of progesterone to induction of sexual receptivity 
in spayed female rats. Proc Soc Exp Biol Med 51: 369-371. 1942.

BELMAKER R, MURPHY D, WYATT R & LORIAUX L. Human platelet monoamine 
oxidase changes during the menstrual cycle. Arch Gen Psychiatry 31: 553“ 
556, 1974.

BILLIAR R B, LITTLE B, KLINE I, REIER P. TAKAOKA Y & WHITE R J. The 
metabolic clearance rate, head and brain extractions, and brain 
distribution and metabolism of progesterone in the anesthetized, female
monkey (macaca mulatta). Brain Res 94: 99“H3. 1975*

BILLIAR R, TAKAOKA Y, JOHNSON W, WHITE R & LITTLE B. In situ subcellular 
distribution and metabolism of progesterone, estradiol and androstenedione 
in the vascularly separated and isolated hypothalamus of the female rhesus 
monkey. Neuroendocrinology 32: 355“363. 1981.

BRENNER P F, GUERRERO R, CEKAN Z & DICZFALUSY E. Radioimmunoassay method
for six steroids in human plasma. Steroids 22: 775“794, 1973 -

BREUER H & KÖSTER G. Interaction between oestrogens and neurotransmitters 
at the hypophysical hypothalamic level. J Steroid Biochem 5: 961-967.
1974.

BÄCKSTRÖM T, CARSTENSEN H & SÖDERGAr D R. Concentration of estradiol, 
testosterone and progesterone in cerebrospinal fluid compared to plasma 
unbound and total concentrations. J Steroid Biochem 7: 469-472, 1976.

BÄCKSTRÖM T. Epileptic seizures in women related to plasma estrogen and 
progesterone during the menstrual cycle. Acta Neurol Scand 54: 321-347.
1976.



38
BÄCKSTRÖM T, BAIRD D T, BANCROFT J, BIXO M, HAMMARBÄCK S, SANDERS D. SMITH 
S & ZETTERLUND B. Endocrinological aspects of cyclical mood changes during 
the menstrual cycle or the premenstrual syndrome. J Psych Obstet Gynaecol:
2-1, 8-20, I983.
BÄCKSTRÖM T, LANDOREN S, ZETTERLUND B, BLOM S, DUBROVSKY B, BIXO M & 
SÖDERGÄRD R. Effects of ovarian steroid hormones on brain excitability and 
their relation to epilepsy seizure variation during the menstrual cycle. 
In: R J Porter (ed) Advances in Epileptology 15 •* XV th Epilepsy
Intenational Symposium. Raven Press, New York, pp. 269-2771 1984 .

BÄCKSTRÖM T, ZETTERLUNd B, BLOM S & ROMANO M. Effects of intravenous 
progesterone infusions on the epileptic discharge frequency in women with 
partial epilepsy. Acta Neurol Scand 69: 240-248, 1984.

BÄCKSTRÖM T, SMITH S, LOTHIAN H & BAIRD D T. Prolonged follicular phase 
and depressed gonadotropins following hysterectomy and corpus lute-ectomy 
in women with premenstrual tension syndrome. Clin Endocrinol 22:723-732,
1985.
BÄCKSTRÖM T, ANDERSSON A, BAIRD D & Selstam G. The human corpus luteum 
secretes 5<*"Pregnane-3,20-dione. Acta Endocrinol 111: 116-121, I986.

CARSTENSEN H & BÄCKSTRÖM T. A paper chromatographic saturation analysis 
method for measuring estradiol, testosterone and 5<* -dihydrotestosterone 
from the same sample. J Steroid Biochem 7: 145-149, 1976.

CHALLIS J R G, LOUIS T M, ROBINSON J S & THORBURN G D. Progesterone and 
oestradiol in pituitary, brain and uterine tissues of the sheep. J 
Endocrinol 69:451-452, 1976.

CRAMER 0 M, PARKER JR C R & PORTER J C. Estrogen inhibition of dopamine 
release into hypophysial portal blood. Endocrinology 104:419-422, 1979-

CULLBERG J. Mood changes and menstrual symptoms with different 
gestagen/estrogen combinations. Acta Psychiatr Scand (suppl) 236: 1-86,
1972

DAHLGREN N & SIESJÖ B K. Cerebral blood flow and oxygen consumption in 
normocapnia and hypercapnia: Modulating influence of paravertebral
sympathetic blockade at the low thoracic level. Acta Anaesth Scand 25:
497-508, I98I.

DALTON K. Premenstrual Syndrome and Progesterone Therapy. Heinemann, 
London, 1984.

DIERSCHKE D J, YAMAJI T, KARSCH F J, WEICK R F, WEISS G & KNOBIL E. 
Blockade by progesterone of estrogen-induced LH and FSH release in the 
rhesus monkey. Endocrinology 92: 1496-1501, 1973•

DUFY B, VINCENT J D, FLEURY H, du PASQUIER P, GOURDJI D & TIXIER-VIDAL A. 
Membrane effects of thyrotropin-releasing hormone and estrogen shown by 
intracellular recording from pituitary cells. Science 204:509-510, 1979.



39
DUNN J t NISULA B & RODBARD D. Transport of steroid hormones: Binding of 21 
endogenous steroids to both testosterone-binding globulin and 
corticosteroid-binding globulin in human plasma. J Clin Endocrinol Metab
53:58-68, 198I.

EISENFELD A J & AXELROD J. Selectivity of estrogen distribution in 
tissues. J Pharmacol Exp Ther I5O: 469-475, I965.

EVERITT B, FUXE K & HÖKFELT T. Inhibitory role of dopamine and 5" 
hydroxytryptamine in the sexual behaviour of female rats. Eur J Pharmacol
29: I87-I9I, 1974.

EVERITT B J & HERBERT J. The effects of implanting testosterone propionate 
into the central nervous system on the sexual behaviour of 
adrenalectomized female rhesus monekeys. Brain Res 86: 109-120, 1975.

FEDER H H & MARRONE B L. Progesterone: Its role in the central nervous 
system as a facilitator and inhibitor of sexual behavior and gonadotropin 
release. Ann N Y Acad Sci 286: 331-353, 1977.

FEDER H H. Hormones and sexual behavior. Ann Rev Psychol 35: 165-200, 
1984.

FIGDOR S K, KODET M J, BLOOM B M, AGNELLO E J, P'AN S Y, LAUBACH G D. 
Central activity and structure in a series of water-soluble steroids. J 
Pharmacol Exp Ther 119: 299-309. 1957.

GARRIS D, BILLIAR R, TAKA0KA Y, WHITE R & LITTLE B. In situ estradiol and 
progestin (R5020) localization in the vascularly separated and isolated 
hypothalamus of the rhesus monkey. Neuroendocrinology 32: 202-208, I98I.

GILLES P & KARAVOLAS H. Effect of 20a-dihydroprogesterone, progesterone, 
and their 5«-reduced metabolites on serum gonadotropin levels and 
hypothalamic LHRH content. Biol Reprod 24: 1088-1097. I98I.

GL0WINSKI J & IVERSEN L. Regional studies of catecholamines in the rat 
brain-I: The disposition of H-norepinephrine, H-dopamine and 3H-dopa in
various regions of the brain. J Neurochem 13: 655-669, 1966.

GYERMEK L, IRIARTE J & CRABBE P. Structure - activity relationship of some 
steroidal hypnotic agents. J Med Chem 11: 117-125, 1968.

HALLMAN J, 0RELAND L, EDMAN G & SCHALLING D. Thrombocyt monoamine oxidase 
activity and personality traits in women with severe premenstrual 
syndrome. Acta Psychiatr Scand 788: 1-10, 1987.

HAMMARBÄCK S, BÄCKSTRÖM T. HOLST J, von SCH0ULTZ B & LYRENÄS S. Cyclical 
mood changes as in the premenstrual tension syndrome during sequential 
estrogen-progestagen postmenopausal replacement therapy. Acta Obstet 
Gynaecol Scand 64:393-397, 1985*

HAMMOND G L, HIRV0NEN J, VIHK0 R. Progesterone, androstenedione, 
testosterone, 5<*-dihydrotestosterone and androsterone concentrations in 
specific regions of the human brain. J Steroid Biochem 18: I85-I8 9, 1983*

HARRISON N, MAJEWSKA M D, HARRINGTON J & BARKER J. Structure-activity 
relationship for steroid interaction with the y-aminobutyric acid receptor 
complex. J Pharmacol Exp Ther 24l: 346-353, 1987.



40
HASHIMOTO I & WIEST W G. Correlation of the secretion of ovarian steroids 
with function of a single generation of corpora lutea in the immature rat. 
Endocrinology 84: 873-885, 1969.

HOLZBAUER M & YOUDIM M. The oestrous cycle and monoamine oxidase activity. 
Br J Pharmacol 48: 6OO-6O8 . 1973-

HOLZBAUER M. Physiological aspects of steroids with anaesthetic 
properties. Med Biol 54: 227-242, 1976.

HOMBURG R, POTASHNIK G, LUNENFELD B & INSLER V. The hypothalamus as a 
regulator of reproductive function. Obstet Gynecol Surv 31: 455-471» 1976.

HRUSKA R & SILBERGELD E. Increased dopamine receptor sensitivity after 
estrogen treatment using the rat rotation model. Science 208: 1466-1468,
1980.

JENSEN E & JACOBSON H. Basic guides to the mechanism of estrogen action. 
Recent Prog Horm Res 18:387-408, 1962.

JOHNSON W A, BILLIAR R B, RAHMAN S S & LITTLE B. The head extractions, 
brain and pituitary uptake and metabolism of progesterone and 5« -
dihydroprogesterone in anesthetized, female rabbits. Brain Res 111: 147- 
155. 1976.
KARAVOLAS H J, HODGES D L O'BRIEN D. Uptake of 3H progesterone and 3H 5a- 
dihydroprogesterone by rat tissues in vivo and analysis of accumulated 
radioactivity: Accumulation of 5ot-dihydroprogesterone by pituitary and 
hypothalamic tissues. Endocrinology 98: 164-175» 1976.

KARAVOLAS H J, BERTICS P J, HODGES D & RUDIE N. Progesterone processing by 
neuroendocrine structures. In: Metabolism of Hormonal Steroids in the 
Neuroendocrine Structures, Celotti F (Ed) Raven Press, New York, pp 149- 
183, 1984.

KATO J & 0N0UCHI T. Specific progesterone receptors in the hypothalamus 
and anterior hypophysis of the rat. Endocrinology 101: 920-928, 1977.

KATO J & VILLEE C A. Preferential uptake of estradiol by the anterior 
hypothalamus of the rat. Endocrinology 80: 567-575, 1967-

KEEFER D. Nuclear retention characteristics of 3H-estrogen by cells in 
four estrogen target regions of the rat brain. Brain Res 229: 224-229, 
1981.

KEEFER D & STUMPF W: Atlas of estrogen-concentrating cells in the central 
nervous system of the squirrel monkey. J Comp Neurol 160: 419-442, 1975*

KELLY M J, MOSS R L & DUDLEY C A. The effects of microelectrophoretically 
applied estrogen, cortisol and acetylcholine on medial preoptic septal 
unit activity throughout the estrous cycle of the female rat. Exp Brain 
Res 30:53-64, 1977-

KELNER K, MILLER A & PECK E. Estrogens and the hypothalamus: Nuclear
receptors and RNA polymerase activation. J Ree Res 1 (2): 215-237. 1980.

KRIEGER M S, MORRELL J I & PFAFF D W. Autoradiographic localization of 
estradiol-concentrating cells in the female hamster brain. 
Neuroendocrinology 22: 193-205, 1976.



41
LANDGREN S, BÄCKSTRÖM T & KALISTRATOV G. The effect of progesterone on the 
spontaneous interictal spike evoked by the application of penicillin to 
the cat's cerebral cortex. J Neurol Sci 36: 119-133, 1978.

LANDGREN S, AASLY J, BÄCKSTRÖM T, DUBROVSKY B & DANIELSSON E. The effect 
of progesterone and its metabolites on the interictal epiletiform 
discharge in the cats cerebral cortex. Acta Physiol Scand ,1987, in press.

LANTHIER A, PATWARDHAN V V. Sex steroids and 5~en-3ß-hydroxysteroids in
specific regions of the human brain and cranial nerves. J Steroid Biochem
25: 445-449, 1986.

LAUMAS K R & FAROOQ A. The uptake in vivo of 1,2-3H progesterone by the 
brain and genital tract of the rat. J Endocrinol 36: 95-96, 1966.

LOGOTHETIS J, HARNER R, M0RREL1 F & TORRES F. The role of estrogens in 
cataménial exacerbation of epilepsy. Neurology 9: 352-360, 1959*

LUTTGE W G & WHALEN R E. The accumulation, retention and interaction of 
oestradiol and oestrone in central neural and peripheral tissues of 
gonadectomized female rats. J Endocrinol 52: 379~395. 1972.

LÖFSTRÖM A, ENEROTH P, GUSTAFSSON J-Â & SKETT P. Effects of estradiol 
benzoate on catecholamine levels and turnover in discrete areas of the
median eminence and the limbic forebrain, and on serum luteinizing
hormone, follicle stimulating hormone and prolactin concentrations in the 
ovariectomized female rat. Endocrinology 101: 1559"1569, 1977*

MACLUSKY N & MCEWEN B. Oestrogen modulates progestin receptor
concentrations in some rat brain regions but not in others. Nature 27k:
276-278, 1978.
MACLUSKY N & MCEWEN B. Progestin receptors in rat brain: Distribution and 
properties of cytoplasmic progestin-binding sites. Endocrinology IO6 : 192-
202, I98O.

MACLUSKY N, LIEBERBURG I, KREY L & MCEWEN B. Progestin receptors in the 
brain and pituitary of the bonnet monkey (Macaca Radiata): Differences
between the monkey and the rat in the distribution of progestin receptors. 
Endocrinology IO6 : I85-I9I. 1980.

MACLUSKY N J, PHILIP A, HURLBURT C & NAFTOLIN F. Estrogen metabolism in
neuroendocrine structures. In: Metabolism of Hormonal Steroids in the
Neuroendocrine Structures. F Celotti et al (Eds). Raven Press, New York,
pp. 103-116, 1984.

MAGGI A & PEREZ J. Role of female gonadal hormones in the CNS: Clinical 
and experimental aspects. Life Sci 37: 893~906, I985.

MAJEWSKA M D, HARRISON N, SHWARTZ R, BARKER J & PAUL S. Steroid hormone 
metabolites are barbiturate-like modulators of the GABA receptor. Science
232: 1004-1007, 1986.

MARCUS E M, WATSON C W & SIMON S A. An experimental model of some 
varieties of petit mal epilepsy. Electrical-behavioral correlations of 
acute bilateral epileptogenic foci in cerebral cortex. Epilepsia 9: 233”
248, 1968.



42
MARYNICK S, SMITH G, EBERT M & LORIAUX L. Studies on the transfer of
steroid hormones across the blood-cerebrospinal fluid barrier in the 
rhesus monkey.II. Endocrinology 101:562-567, 1977*

MATTSON R & CRAMER J. Epilepsy, sex hormones and entiepileptic drugs. 
Epilepsia 26(Suppl 1):S40-S51, 1985-

MCEWEN B S & PFAFF D W. Factors influencing sex hormone uptake by rat 
brain regions. I. Effects of neonatal treatment, hypophysectomy and
competing steroid on estradiol uptake. Brain Res 21: 1-16, 1970.

MCEWEN B S, PFAFF D W &. ZIGMOND R E. Factors influencing sex hormone 
uptake by rat brain regions. II. Effects of neonatal treatment and
hypophysectomy on testosterone uptake. Brain Res 21: 17-28, 1970.

MCEWEN B. Gonadal steroids: Humoral modulators of nerve-cell function. Mol 
Cell Endocrinol 18: 151-164. 1980.

MCEWEN B, BIEGON A, RAINBOW T, PADEN C, SNYDER L & DEGRAFF V. The
interaction of estrogens with intracellular receptors and with putative 
neurotransmitter receptors: Implications for the mechanism of activation
of sexual behavior and ovulation. In: Steroid Hormone Regulation of the 
Brain. K Fuxe et al (Eds), Pergamon , Oxford pp. 15-29, 1981.

MCEWEN B, BIEGON A, DAVIS P, KREY L, LUINE V, MCGINNIS M, PADEN C, PARSONS
B & RAINBOW T. Steroid hormones: Humoral signals which alter brain cell 
properties and functions. Recent Prog Horm Res 38: 41-92, 1982.

MCEWEN B, JONES K & PFAFF D. Hormonal control of sexual behavior in the
female rat: Molecular, cellular and neurochemical studies. Biol Reprod 36:
37-45. 1987.
MERRYMAN W, BOIMAN R, BARNES L & ROTHCHILD I. Progesterone ”anesthesia” in 
human subjects. J Clin Endocrinol Metab 14: 1567-1569. 1954.

MEYERSON B. Latency between intravenous injection of progestins and the 
appearance of estrous behavior in estrogen-treated ovariectomized rats. 
Horm Behav 3: 1-9, 1972.

MICHAEL R, BONSALL R & REES H. The nuclear accumulation of 3H-testosterone 
and H-estradiol in the brain of the female primate: Evidence for the 
aromatization hypothesis. Endocrinology II8 : 1935-1944, I986.

MORIN L P. Progesterone: Inhibition of rodent sexual behavior. Physiol 
Behav 18: 701-715. 1977-
MORRELL J I,KELLEY D B & PFAFF D W. Sex steroid binding in the brains of 
vertebrates. In Brain-Endocrine Interaction II:Knigge K M &. Scott D E 
(Eds) Rochester, New York, pp. 230-256, 1975*

NAESS 0, ATTRAMADAL A & AAKVAAG A. Androgen binding proteins in the 
anterior pituitary, hypothalamus, preoptic area and brain cortex of the 
rat. Endocrinology 96:1-9, 1975*

NAESS 0. Characterization of the androgen receptors in the hypothalamus, 
preoptic area and brain cortex of the rat. Steroids 27: I67-I85, 1976.



43
NAKAI Y, PLANT T-M, HESS D-L, KEOGH E-J, KNOBIL E. On the sites of the 
negative and positive feedback actions of estradiol in the control of 
gonadotropin secretion in the rhesus monkey. Endocrinology 102:1008-1014, 
1978.

NAFTOLIN F & RYAN K. The metabolism of androgens in central neuroendocrine 
tissues. J Steroid Biochem 6: 993“997, 1975*

NEWMARK M & PENRY K. Cataménial epilepsy: A review. Epilepsia 21: 28I-3OO,
I98O.

NYBERG P, NORDBERG A, WESTER P & WINBLAD B. Dopaminergic deficiency is 
more pronounced in putamen than in nucleus caudatus in Parkinson’s 
disease. Neurochem Pathol 1: 193“2Q2, 1983*

PANDRIDGE W M. Transport of proteinbound hormones into tissues. Endocrine 
Rev 2: 103-123, I98I.

PARDRIDGE W, MOELLER T, LAWRENCE J, MIETUS L & OLDENDORF W. Blood-brain 
barrier transport and brain sequestration of steroid hormones. Am J
Physiol 239: 96-102, 1980a.

PARDRIDGE W, MIETUS L, FRUMAR A, DAVIDSON B & JUDD H. Effects of human
serum on transport of testosterone and estradiol into rat brain. Am J
Physiol 239 (Endocrinol Metab 2): EIO3-EIO8 , 1980b.

PARSONS B. MACLUSKY N, KREY L, PFAFF D & MCEWEN B. The temporal
relationship between estrogen-inducible progestin receptors in the female 
rat brain and the time course of estrogen activation of mating behaviour. 
Endocrinology 107: 774-779. 1980.

PARSONS B, MCGINNIS M & MCEWEN B. Sequential inhibition by progesterone: 
Effects on sexual receptivity and associated changes in brain cytosol 
progestin binding in the female rat. Brain Res 221: l49-l60, I98I.

PAUL S, AXELROD J, SAAVEDRA J & SK0LNICK P. Estrogen-induced efflux of 
endogenous catecholamines from the hypothalamus in vitro. Brain Res I78: 
499-505. 1979.
PFAFF D. Autoradiographic localization of radioactivity in rat brain after 
injection of tritiated sex hormones. Science I6I: 1355-1356, 1968.

PFAFF D & KEINER M. Atlas of estradiol-concentrating cells in the central 
nervous system of the female rat. J Comp Neurol I5I: 121-158, 1973•

PFAFF D, GERLACH J, MCEWEN B, FERIN M, CARMEL P & ZIMMERMAN E. 
Autoradiographic localization of hormone-concentrating cells in the brain 
of the female rhesus monkey. J Comp Neurol I7O: 279-294, 1976.

PFAFF D & MCEWEN B. Actions of estrogens and progestins on nerve cells. 
Science 219: 808-8l4, 1983.

POWERS B. Facilitation of lordosis in ovariectomized rats by intracerebral 
progesterone implants. Brain Res 48:311-325. 1972.

RAINBOW T C, MCGINNIS M Y, KREY L C & MCEWEN B S. Nuclear progestin 
receptors in rat brain and pituitary. Neuroendocrinology 34: 426-432,
1982.



*1*1
RAISINGHANI K H, DORFMAN R I, FORCHIELLI E, GYERMEK L & GENTHER G. Uptake 
of intravenously administered progesterone, pregnanedione and pregnanolone 
by the rat brain. Acta Endocrinol 57* 395“*10*1, 1968.

RANCE N, WISE PM & BARRACLOUGH C A. Negative feedback effects of
progesterone correlated with changes in hypothalamic norepinephrine and 
dopamine turnover rates, median eminence luteinizing hormone-releasing 
hormone, and peripheral plasma gonadotropins. Endocrinology 108: 219*1-
2199, 1981.

ROSELLI C & SNIPES C. Progesterone 5^-reductase in mouse brain. Brain Res 
305:197-202, 198*1.

ROY JR S K & LAUMAS K R. 1,2- 3H-testosterone: Distribution and uptake in 
neural and genital tissues of intact male, castrate male and female rats. 
Acta Endocrinol 6l: 629-6*10, 1969*

SAITOH H, HIRATO K, YANAIHARA T, NAKAYAMA T. A study of 5a-reductase in
human fetal brain. Endocrinol Japon 29: *l6l-*l67, 1982.

SEIKI K, HIGASHIDA M, IMANISHI Y, MIYAMOTO M, KITAGAWA T & KOTANI M. 
Radioactivity in the rat hypothalamus and pituitary after injection of
labelled progesterone. J Endocrinol *11: IO9-IIO, 1968.

SELYE H. Correlations between the chemical structure and the 
pharmacological actions of the steroids. Endocrinology 30: *137—*153* 19*12.

SIEGEL S. Nonparametric statistics for the Behavioral Sciences, Me 
GrawHill, New York, 1956.

SPIEGEL E & WYCIS H. Anticonvulsant effects of steroids. J Lab Clin Med 
30: 9*17-953. 19*15.
SÔDERGÂRD R, BÄCKSTRÖM t, SHANBHAG V & CARSTENSEN H. Calculation of free 
and bound fractions of testosterone and estradiol-17 to human plasma 
proteins at body temperature. J Steroid Biochem 16:801-810, 1982.

SÖDERSTEN P & ENER0TH P. Serum levels of oestradiol-17ß and progesterone 
in relation to sexual receptivity in intact and ovariectomized rats. J 
Endocrinol 89: *15-5*1. 1981.

TOWLE A & Sze P. Steroid binding to synaptic plasma membrane: Differential 
binding of glucocorticoids and gonadal steroids. J Steroid Biochem l8:
135-1*13. 1983.
WADE G N & FEDER H H. 1,2-3H-Progesterone uptake by guinea pig brain and
uterus: Differntial localization, time-course of uptake and metabolism,
and effects of age, sex, estrogen-priming and competing steroids. Brain
Res *15: 525-5*13. 1972.
WADE G, HARDING C & FEDER H. Neural uptake of 1,2-3H-progesterone in 
ovariectomized rats, guinea pigs and hamsters: Correlation with species
differences in behavioural responsiveness. Brain Res 6l: 357-367, 1973•

WAREMBOURG M. Radioautographic localization of estrogen-concentrating
cells in the brain and pituitary of the guinea pig. Brain Res 123: 357”
362, 1977.

WAREMBOURG M. Uptake of 3H labelled synthetic progestin by rat brain and 
pituitary. A radioautography study. Neurosci Lett 9: 329"332, 1978.



45
WEICK D. Induction of the luteinizing hormone surge by intrahypothalamic 
application of estrogen in the rhesus monkey. Biol Reprod 24: 415-422,
1981.

WHALEN R & LUTTGE W. Differential localization of progesterone uptake in 
brain. Role of sex, estrogen pretreatment and adrenalectomy. Brain Res 33: 
147-155, 1971.
WHALEN R & GORZALKA B. Estrogen-progesterone interactions in uterus and 
brain of intact and adrenalectomized immature and adult rats. 
Endocrinology 94: 214-223, 1974.

WIRZ-JUSTICE A, HACKMANN E & LICHTSTEINER M. The effect of oestradiol 
dipropionate and progesterone on monoamine uptake in rat brain. J 
Neurochem 22: I87-I89, 1974.

WISE P, CAMP-GROSSMAN P & BARRACLOUGH C. Effects of estradiol and 
progesterone on plasma gonadotropins, prolactin, and LHRH in specific 
brain areas of ovariectomized rats. Biol Reprod 24: 82O-83O, 198I.

WOOLLEY D E &. TIMIRAS PS. The gonad-brain relationship: Effects of female 
sex hormones on electroshock convulsions in the rat. Endocrinology 70:
196-209. 1962.
ZIGMOND R & MCEWEN B. Selective retention of oestradiol by cell nuclei in 
specific brain regions of the ovariectomized rat. J Neurochem 17: 889-899. 
197O.




