F. Steroid Biochem. Molec. Biol. Vol. 54, No. 1/2, pp. 15-20, 1995
Copyright &) 1995 Elsevier Science Ltd
Pergamon 0960-0760(95)00075-5 Printed in Great Britain. All rights reserved

0960-0760/95 $9.50 + 0.00

Estrogen Increases the Density of
5-Hydroxytryptamine,, Receptors
in Cerebral Cortex and Nucleus
Accumbens in the Female Rat

Barbara E. H. Sumner and George Fink*

MRC Brain Metabolism Unit, University Department of Pharmacology, 1 George Square,
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Estrogen exerts a profound effect on mood and mental function in man. Based on our finding that
estradiol selectively stimulates the expression of 5-hydroxytryptamine,, (5-HT,,) receptor
mRNA in the dorsal raphe nucleus of the female rat, we investigated the effects of estradiol on the
density of 5-HT,, receptors in brain. The distribution and density of 5-HT,, receptors were
determined by in vitro binding of ['H]ketanserin in the presence of prazosin to exclude binding to
a,-adrenoreceptors. Brains were collected, processed and analysed in pairs from six estradiol- and
six vehicle-treated animals. Qur results show that a single pulse of estradiol induces a significant
increase in the density of 5-HT,, receptors in female rat forebrain, particularly the anterior frontal,
anterior cingulate and primary olfactory cortex and the nucleus accumbens. Since these brain
regions play a pivotal role in cognition and emotion, as well as neuroendocrine and motor control,
our findings provide the first experimental evidence for the fact that estrogen could alter mood and
mental state by increasing the density of 5-HT,, receptors in cerebral cortex and nucleus accumbens.
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INTRODUCTION increase in the expression of 5-HT,, receptor mRNA
in the dorsal raphe nucleus [9], we have investigated the
possible effects of estradiol on the density of 5-HT,,
receptors in brain. A preliminary report of this work
has been presented [10].

The female sex steroid, estradiol-17f, exerts a pro-
found effect on mood and mental state in the human.
Thus, the sharp drop in plasma estradiol concen-
trations is thought to play a key role in precipitating the
psychological symptoms of the premenstrual syndrome
[1-3] and affective psychosis after childbirth [4]. The MATERIALS AND METHODS
action of estradiol is likely to be mediated by mono-  Animal experimentation

amine, and in particular, 5-hydroxytryptamine (5-HT) Experiments were carried out on adult female
mechanisms which play a major role in cognition, mood COB Wistar rats, 200-250g body weight, bred in
and behavior (5, 6]. Estrogen has also been implicated

. ;s 5 ] the Department of Pharmacology and maintained
as a ‘psychoprotectant’ with respect to schizophrenia

b h ¢ ¢ - ophrenia | under conditions of controlled lighting (lights on

ceause the average age o Onset_ of schizophrenia is 0500-1900 h) and temperature (22°C), with free access
significantly later in women than in men, and a second ) yier 41B and tap water. The experimental model was
peak of onset of schizophrenia in women occurs after similar to that used before for studies on the positive

the menopause whep there is a marked fall in plasma feedback effect of estradiol-17f on the biosynthesis and
?stradxo] Concer?trat}on§ (7, S]j Prompted by our find- release of luteinizing hormone releasing hormone
ing that estradiol, in its positive feedback mode for (LHRH) [9]. Briefly, 12 rats were bilaterally ovari-
luteinizing hormone (LLH) release, stimulates a massive ectomized under halothane anesthesia on the morning
of diestrus between 0900 h and 1200 h, and immedi-
*Correspondence to G. Fink. ately injected s.c. either with 30 ug estradiol benzoate
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U.K.)) in 0.2 ml arachis oil or 0.2 ml arachis oil alone
(six rats per group). At 1630-1730 h of the next day
(presumptive proestrus), around the expected time of
the spontaneous surge of LH, the animals were decap-
itated under sodium pentobarbitone anesthesia, and
the brains rapidly removed and frozen at —45°C in
isopentane, followed by storage at — 70°C until micro-
tomy. The EB treatment was effective since all the
uteri in the EB-treated rats were markedly distended
with fluid, and the plasma ILH concentrations, deter-
mined in trunk blood by radioimmunoassay [11],
were significantly elevated in the EB (3.7+0.3ng
NIDDK rat LH/RP/2/ml) compared with the oil-
treated rats (0.8 + 0.1 ng/ml) (P = 0.0001, r-test, 2-
tailed; P < 0.01, Mann-Whitney U-test, 2-tailed).

Determination of 5-HT ., receptor distribution in brain

The ligand-binding procedure was based on that
of Pazos et al. [12] in which ["H]ketanserin was used
as a ligand. Ketanserin still remains the most selective
ligand for 5-HT,, receptors [13,14]. However, to
prevent binding to x,-adrenoreceptors, the density of
binding sites was determined in the presence of the
specific a,-adrenoreceptor antagonist, prazosin.

The frozen brains were serially sectioned at 15 um
in a cryostat at — 16 C. Coronal sections were thaw-
mounted on to slides cleaned with chromic acid, and
subbed with gelatine and poly-L.-lysine, and stored at
—70°C. Slides from each pair of animals (one exper-
imental and one control) were co-processed. The slides
were brought to room temperature, lightly fixed in
freshly prepared 1°,, paraformaldehyde in phosphate-
buffered saline (PBS, pH 7.4, Sigma) for 5 min, and
then washed twice in PBS (5 min each).

Pre-incubation in 0.17 M Tris~HCI buffer, pH 7.7,
for 15 min preceded incubation for 2 h at room tem-
perature in the same buffer containing 2 nM [*H]ketan-
serin hyvdrochloride (NEN, specific activity: 2223 GBq/
mmol) and 10°*M unlabelled prazosin (Research
Biochemicals Incorporated) to prevent binding of
[*H]ketanserin to x,-adrenoreceptors. For incubation
the slides were placed horizontally in moist chambers
and 50 ul of buffered ligand applied to each section.
Control sections (blanks) were incubated in buffer
containing 2nM [*H]ketanserin displaced by 10 * M
unlabelled ketanserin (gift to Dr B C Williams from
Janssen Pharmaceuticals I.td). After incubation, the
sections were washed twice in ice-cold buffer without
ligands for 10 min each, and then quickly dipped in
ice-cold distilled water to remove salts. After several
hours of vacuum desiccation, and overnight dry storage
at room temperature, the slides were apposed to Hy-
perfilm-*H (Amersham International ple, Amersham
Place, Little Chalfont, Bucks, U.K.), and trapped
between glass plates, wrapped and sealed in light-tight
wrappings, and exposed at 0-4 C for 5 weeks. Each
sheet of film bore carefully neuroanatomically matched
sections from a pair of rats, with slides from exper-

imental and control animals alternating. A tritium
standard (*H-Microsales, Amersham) was co-exposed
on ecach sheet of film. After 5 weeks the slides were
removed from the film and stained for 1 min in 19,
aqueous toluidine blue, washed, dried, dehydrated in
acetone, cleared in xylene, and mounted in DPX. The
films were developed for 4 min in Ilford Phenisol (20%
in distilled water), dipped in distilled water, and fixed
for 10 min in Ilford Hypam (also 209;,). After a 30 min
wash in running water, the films were air-dried.

Neuroanatomical regions were identified on the auto-
radiographic images by matching them with the
stained sections under a low power magnifier. The
regions were outlined with a mounted needle to facili-
tate location under the microscope. Silver-grain den-
sities aver each neuroanatomical region, and over the
tritium standards, were measured on the films with an
Optomax image-analysing system (Synoptics Ltd, 271
Cambridge Science Park, Milton Road, Cambridge,
U.K.) mounted on a Nikon microscope fitted with a
X40 objective. A graph was drawn of grain density
against radioactivity for the tritium standards. The
standards as supplied by Amersham International plc
were already calibrated in tissue equivalents (Bg/mg
brain grey matter). The standard curve was used to
convert grain densities from the experimental sections
into radioactivity values per mg tissue, once the
grain densities from blank sections (incubated with
unlabelled ketanserin) had been subtracted. Finally,
by referring to the specific activity of the *H-ligand,
the radioactivity values were converted to binding in
fmol/mg tissue. Each binding value was derived from
measurements over ten sections for each neuroanatom-
ical region in each animal. The final mean is from all
six animals in each treatment group (Table 1). As the
animals were paired for the binding studies, the data
were analyzed by paired statistical tests (paired ¢-test,
and Wilcoxon signed rank test).

RESULTS

The highest density of 5-HT,, receptors was found
in the anterior cingulate, frontal, and piriform cortex,
the claustrum and the nucleus accumbens (Table 1;
Fig. 1). This distribution is similar to that found in
previous autoradiographic studies which used either
[*H]ketanserin or the hallucinogens ['**T]L.SD (lysergic
acid diethylamide) or ["*I]JDOI (1-(2,5-dimethoxy-
4-iodophenyl)-2-aminopropane) as 5-HT,, ligands
[12, 13,15, 16]. As also shown previously, the density
of 5-HT,, binding sites in frontal and cingulate cortex
was greatest in laminae I, Va and IV [13,16,17]
(Fig. 1). The density of the 5-HT,, binding sites (Fig. 1;
Table 1) corresponds closely with the concentrations of
5-HT,, receptor mRNA in brain [9, 18-20].

Estradiol treatment significantly increased the den-
sity of 5-HT,, binding sites in the anterior frontal,
anterior cingulate and piriform cortex, the olfactory
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Table 1. Effects of acute estradiol benzoate (EB) on mean + SEM binding ( finol jmg tissue) of [*H Jketanserin (in the presence of
prazosin) in different regions of female rat brain

Statistical significance

Wilcoxon signed

Brain region QOil-treated EB-treated Percentage change Paired ¢-test rank
Anterior cingulate cortex 72.2+6.7 89.2+78 24", increase P =0.0010 P =0.0312
Anterior frontal cortex {areas 1 & 2) 67.9+49 96.1 + 6.6 41", increase P =0.0004 P =0.0312
Piriform cortex 62.24+6.7 724458 16", increase P =0.0153 P =0.0312
Olfactory tubercle 46.5+ 5.0 53.7+4.2 16", increase P = 0.0357 P =0.0312
Nucleus accumbens 50.2+3.2 56.4 4+ 2.7 12¢, increase P = 0.0059 P =0.0312
Claustrum 60.3+3.3 63.0+5.5 4" | increase Not significant Not significant
Antero-ventral part of the periventricular

nucleus 371 +1.7 428 +4.5 15", increase Not significant Not significant
Medial preoptic area 18.0+2.1 17.1+1.5 3v,, decrease Not significant Not significant
Hippocampus (dentate gyrus) 21.5+19 19.5+44 9°,, decrease Not significant Not significant
Hippocampus (pyramidal cell fields" 189 +4.6 199+24 5v, increase Not significant Not significant
Dorsal raphe nucleus {ventromedial part) 31.1+34 344423 11", increase Not significant Not significant
Dorsal raphe nucleus {dorsomedial part) 283+19 316 +1.5 11", increase Not significant Not significant
Dorsal raphe nucleus {lateral part) 245+14 356+2.1 459 increase P =0.0040 P =0.0312
Locus coeruleus 21.9+48 209 +3.2 4., decrease Not significant Not significant

Fig. 1. Dark-field film autoradiographs showing the distribution of 5-HT,, receptors in anterior forebram

(A, B) and cerebral cortex (C, D). The density of 5-HT,, receptors, determined by the binding of [’H]ketanserin

in the presence of prazosin, in frontal (FC), cingulate (CgC) and piriform (Pir) cortex, and in olfactory

tubercle (Tu) and nucleus accumbens (Acb), was significantly greater in animals treated with estrogen (B and

D) compared with oil-treated control animals (A and C). AC, anterior commissure; CC, corpus callosum;
Cl, claustrum. Scale, 1 mm.
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tubercle, the nucleus accumbens and the lateral dorsal
raphe nucleus (DRN) (Table 1; Fig. 1). Preliminary
studies had shown that a dosage of 10 ug EB (used in
ref. [9]) significantly increased the density of 5-HT,,
receptors in four out of six animals in frontal cortex
and in three out of six animals in cingulate cortex. In
the present, definitive, study, using the 30 ug dose of
EB, all six out of six animals treated with EB showed
a significant increase in 5-HT,, receptor density in
frontal and cingulate cortex compared with that in
oil-treated control animals.

DISCUSSION

These findings provide the first experimental
evidence for the fact that estradiol in its positive
feedback mode for LHRH/LH release increases the
density of 5-HT,, receptors in cerebral cortex and
nucleus accumbens. This could explain how estradiol
exerts potent effects on mood and mental state. It is
relevant here that 5-H'T,, receptors have been impli-
cated in suicide and depression [6] and that 5-HT
uptake blockers are effective in treating the psychologi-
cal disturbances of the premenstrual syndrome [1-3].
The fact that the average age of onset of schizophrenia
in women is much later than in men, and that post-
partum psychosis 1is associated with a precipitous
drop in plasma estradiol concentrations after birth,
underpin the hypothesis that estrogen protects against
psychosis in women [4,8,21,22]. The mechanism
of this apparent antipsychotic affect of estrogen is not
known, but, in line with the dopamine hypothesis
of schizophrenia, has been postulated to be due to
estrogen inhibition of dopamine activity [4, 8]. How-
ever, recent pharmacological data suggest that as
well as playing a pivotal role in affective psychosis, a
5-HT, mechanism may also be involved in schizo-
phrenia. Thus, for example, (i) potent ‘atypical’ anti-
psychotics such as clozapine and risperidone bind
with much greater affinity to 5-HT, than to dopamine
receptors [23-26], (ii) ritanserin, a 5-HT,, antagonist,
is an eflective adjunctive treatment for the negative
symptoms of schizophrenia [27], and (iii) the therapeutic
effect of risperidone in schizophrenia could be due, at
least in part, to its 5-HT, antagonism [23, 25, 26].
Furthermore, many studies on dopamine receptors have
used [*H]spiperone as a ligand [8]; but, spiperone also
has a high affinity for 5-HT,, receptors [13].

Nevertheless, it is important to stress that there
is no conflict between the dopamine hypothesis of
schizophrenia and other major psychoses [4, 8] and our
hypothesis that estradiol could also affect mood and
mental state by way of 5-HT,, receptors. The two
receptor subtypes could both be involved in the same
disorder. Thus, for example, it is conceivable that
abnormal dopaminergic activity might be responsible for
florid symptoms, such as hallucinations, associated with
the acute onset of schizophrenia while abnormal 5-HT,

function might be responsible for the more refractory,
negative symptoms of schizophrenia. The latter respond
to clozapine and risperidone which have a high affinity
for 5-HT,, receptors [23-26], or adjunctive treatment
with the 5-HT,, antagonist, ritanserin [27].

The mechanism by which estradiol could exert an
antipsychotic effect by increasing the density of 5-HT,,
binding sites is not clear in that, since clozapine is a
5-HT,, antagonist, one might predict that the antipsy-
chotic action of estradiol would depend upon a decrease
rather than an increase in 5-HT,, binding sites in brain.
However, the same line of reasoning also applies to the
conventional neuroleptics which are mainly dopamine,
(D,) receptor antagonists, and, as in the case of 5-HT,,
binding sites, D, binding sites are also increased signifi-
cantly by estradiol [8]. So these data point towards the
fact that an estrogen-induced increase in 5-H'T',, and D,
binding sites results in increased efficacy of conventional
neuroleptics as well as atypical antipsychotics. Now that
this principle has been defined, experiments can be
designed to determine the precise mechanism involved
in the interaction between estrogen and conventional
and atypical antipsychotics.

The nucleus accumbens receives major inputs from
the amygdala, anterior cingulate cortex and the piri-
form cortex, and projects, by relay in striatum and
thalamus, to the primary motor cortex [28]. The role of
5-HT in the nucleus accumbens is not known, but,
as assessed by the ratio of 5-hydroxy-3-indoleacetic
acid to 5-HT, estradiol significantly reduces 5-HT
metabolism in this nucleus [29]. The accumbens also
projects to the hypothalamus as do the frontal, cingu-
late and piriform cortex, and so the estradiol-stimu-
lated increase in the density of 5-HT,, receptors in
these brain regions (Fig. 1; Table 1) may also be related
to the control of pituitary hormone secretion and
mating and motor behavior [11, 30-34]. The 5-HT,,
receptor subtype also plays a key role in food intake and
sleep mechanisms [6, 30], and also mediates the actions
of hallucinogens such as LSD and DOI [6] and some
of the actions of cocaine [30].

The mechanism by which estradiol increases the
density of 5-H'T,, receptors is not yet established.
There is good evidence that the cortical 5-HT,, recep-
tors are post-synaptic [6, 13, 35], but acute treatment
with 10 ug EB using the same temporal protocol as in
the present paper did not increase the concentration of
5-HT,, receptor mRNA in brain with the exception
of the dorsal raphe nucleus [9]. A similar lack of
concordance between the density of receptors and their
mRNA was found for D, receptors in striatum [8, 36].
There are several possible explanations for this of
which two are the subject of our further studies. First,
the effect of estrogen on monoamine receptors in
forebrain may involve post-translational events which
determine receptor activity (i.e. binding) rather than an
increase in actual receptor protein. The potent effect of
glucocorticoids on monoamine-synthesizing enzymes is
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a precedent for this type of mechanism [37]. Secondly,
the effect of estradiol on monoamine receptors in
forebrain could involve classical genomic mechanisms,
but because of relative mRNA instability (e.g. due to
a tissue-specific short poly-A mRNA tail) the message
degrades too fast to allow detection of an increase in
5-HT,, receptor mRNA in cortex.

The clinical and neurobiological significance of
our findings depends upon the precise nature and
connections of the 5-HT,, receptor expressing neurons
in cerebral cortex and nucleus accumbens. Available
information is sparse, but the morphological and elec-
trophysiological characteristics of 5-HT,, receptor ex-
pressing neurons in cerebral cortex suggest that a
subpopulation may be GABAergic [6, 38], and that in
prefrontal cortex S-HT,, receptor activation counter-
acts 5-HT, receptor mediated inhibition of cell firing
[39, 40]. The 5-HT,, receptors involved in the control
of cortical pyramidal neurons appear to be located
on the pyramidal neurons themselves as well as on a
proportion of interneurons, thought to be GABAergic
(239% of the NMDA excitable interneurons in the
piriform cortex), and which evoke inhibitory post
synaptic potentials in cortical pyramidal neurons [40].
Since the net effect of 5-HT,, activation in cerebral
cortex would appear to facilitate neuronal firing [39],
our data suggest that estradiol, by significantly increas-
ing 5-HT,, receptor density in cerebral cortex, would
enhance significantly the propensity of pyramidal cells
to fire in response to a 5-H'T" stimulus.

In summary we show for the first time that estrogen
induces a significant increase in 5-HT,, receptors in
regions of the cerebral cortex and nucleus accumbens
concerned with cognition, emotion and neuroendocrine
and motor control. These findings provide a rational
neurobiological basis for the profound effect of estro-
gen on mood, mental state and motor activity, and a
robust model for behavioral and microphysiological
studies aimed at understanding the precise mechanism
of estrogen action on the brain.
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