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SUMMARY

1. Estrogen exerts profound effects on mood, mental state and memory by
acting on both “classical”” monoamine and neuropeptide transmitter mechanisms
in brain. Here we review an example of each type of action.

2. With respect to the effect of estrogen on central monoamine neuro-
transmission, low levels of estrogen in women are associated with the pre-
menstrual syndrome, postnatal depression and post-menopausal depression. Sex
differences in schizophrenia have also been attributed to estrogen. Previous
studies have shown that estrogen stimulates a significant increase in dopamine,
(D>) receptors in the striatum. Here we show for the first time that estrogen also
stimulates a significant increase in the density of S5-hyvdroxytryptamine.n
(5-HT,,) binding sites in anterior frontal, cingulate and primary olfactory cortex
and in the nucleus accumbens, areas of the brain concerned with the control of
mood, mental state, cognition, emotion and behavior. These findings explain, for
example, the efficacy of estrogen therapy or 5-HT uptake blockers such as
fluoxetine in treating the depressive symptoms of the premenstrual syndrome,
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and suggest that the sex differences in schizophrenia may also be due to an action
of estrogen mediated by way of 5-HT,, receptors.

3. With respect to the effect of estrogen on central neuropeptide transmis-
sion, estrogen stimulates the expression of the arginine vasopressin (AVP) gene
in the bed nucleus of the siria terminalis (BNST) in rodents. This resuits in a
100-fold increase in AVP mRNA in the BNST and a massive increase in AVP
peptide in the BNST and its projections to the lateral septum and lateral
habenula. The BNST-AVP system enhances and/or maintains “social” or
“olfactory” memory, and thus provides a powerful model for correlating
transcriptional control of neuropeptide gene expression with behavior. Whether
similar mechanisms operate in the human remain to be determined.

4. These two examples of the action of estrogen on central neurotransmis-
sion are discussed in terms of their immediate clinical importance for the
treatment of depressive symptoms, their use as powerful models for investigations
on the steroid control of central neurotransmitter mechanisms, and the role of
estrogen as “"Nature’s’ psychoprotectant.

INTRODUCTION

Estrogen has long been known to exert powerful effects on brain function. Thus,
for example, in spontaneously ovulating mammals such as man, monkey, sheep
and rat the ovulatory surge of luteinizing hormone (LH) is triggered by a
spontaneous surge of estradiol-178 secreted by the ovary. This estradiol surge acts
on the brain and the anterior pituitary gland to initiate a positive feedback
cascade which involves the release of the decapeptide, LH-releasing hormone
(LHRH), and an increase in pituitary responsiveness to LHRH (Everett, 1988;
Fink, 1979, 1988, 1994). Pituitary responsiveness to LHRH is further increased by
a unique property of LHRH which is to increase pituitary responsiveness to itself,
the “self-priming” or “‘self-sensitizing” effect of LHRH. The latter coordinates
the increase release of LHRH into hypophysial portal blood with the increase in
pituitary responsiveness so that both reach a peak simultaneously and thereby
ensure a massive ovulatory surge of LH (Fink, 1979, 1988, 1995). The preovula-
tory surge of estrogen also plays a pivotal role in inducing lordosis in the female
(Pfaff, 1980). The action of estradiol in triggering the surge of LHRH is mediated
by several neurotransmitter systems and receptors, in particular 5-HT,, (Dow, et
al. 1994; Sumner and Fink, 1995a,b), «; adrenoreceptors (Rosie er al 1993;
Sarkar and Fink, 1981}, and two pharmacologically distinct dopamine receptors
one of which inhibits while the other stimulates LHRH release (Sarkar and Fink,
1981).

Clinical observations suggest that in addition to its role in neuroendocrine
control, estrogen and its male counterpart, testosterone, exert powerful effects
on mood, mental state, behavior and memory. Thus, the early studies of Dalton
(1959) showed that of 276 women admitted to psychiatric hospitals, 46% were
admitted at or immediately before menstruation. The incidence of suicide was
also much greater during the luteal compared with the follicular phase of the
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cycle (MacKinnon and MacKinnon, 1956) or immediately before or during
menstruation (Dalton, 1959). The premenstrual syndrome and the high incidence
of depression in women after the menopause are, respectively, associated with the
precipitous fall in plasma estrogen concentrations towards the end of the
menstrual cycle and the more gradual fall in estrogen levels towards undetectable
levels at the time of the menopause (O’Brien, 1993; Reid and Yen, 1981; Studd
and Zamblera, 1994). Estrogen has been used as an effective therapy in women
with persistent depression which was resistant to conventional therapies (Klaiber,
et al. 1979). Similarly, in the majority of patients with puerperal illness, which
presents as severe depression {postnatal depression), mania, schizoaffective manic
disorder or other types of psychosis, the first symptoms occur in the first week
after delivery when there is a precipitous fall in plasma estradiol concentrations
(Dean and Kendell, 1981). Puerperal psychosis has been attributed to an
estrogen-dependent disorder of D, receptors (Cookson, 1985; Wieck, et al. 1991).

Estrogen has also been implicated in schizophrenia in that, the average age
of onset of schizophrenia is significantly later in women than in men, there is a
qualitative difference in the symptoms of schizophrenia in women compared with
men, and there is a second peak of schizophrenia onset in women, but not men,
after the age of 40 (Angermeyer, et al. 1990; Bleuler, 1950; Di Paolo, 1994;
Hifner, er al. 1993; Kraepelin, 1971; Lewis, 1992; Loranger, 1984; Riecher-
Raossler and Hifner, 1993; Seeman and Lang, 1990).

With respect to testosterone, substantial clinical evidence suggests that the
Gilles de la Tourette’s Syndrome, and obsessive compulsive disorder and chronic
tics in families with Tourette’s Syndrome, are all inherited as a highly penetrant
autosomal dominant trait the expression of which is exacerbated significantly by
androgens (Friedhoff, 1986; Leckman and Scahill, 1990; Pauls and Leckman,
1986). Furthermore, affective and psychotic symptoms may be associated with the
use of anabolic steroids (Pope and Katz, 1988). Testosterone also plays a critical
role in ‘‘social” or “olfactory” memory in rodents (Bluthé, et al 1993a,b;
Dantzer and Bluthé, 1992; Fink, 1994). This action of testosterone would appear
to be mediated by way of its enzymatic (aromatase) conversion to estrogen.

Although the clinical and experimental observations, reviewed above,
suggest that estrogen may be ‘Nature’s psychoprotectant”, and may also play a
crucial role in at least one type of memory, the precise mechanisms by which
estrogen exerts its effects have not been established. In the case of schizophrenia,
experimental studies suggest that the protective effect of estrogen may be due to
its neuroleptic-like effect, even though estrogen also increases the density of D,
receptors in striatum (Di Paolo, 1994; Hifner, et al. 1993). The dopamine
hypothesis has also been invoked for postnatal affective psychosis (Cookson,
1985; Wieck, et al. 1991). That is, the precipitous, postnatal fall in estrogen levels
is thought to expose supersensitive D, receptors in forebrain. Much less, however,
is known about how estrogen could protect against the depressive symptoms of
the premenstrual syndrome, post-menopausal depression and, indeed, postnatal
depression compared with other forms of puerperal psychosis.

Here we review two of our studies, the first of which suggests that the
anti-depressant/psychotic action of estrogen may be mediated by a serotonergic
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mechanism involving 5-HT,, receptors, while the second shows that the action of
estrogen and testosterone (by way of estrogen) in inducing or maintaining
“social” or “olfactory” memory involves a significant increase in the amount of
arginine vasopressin (AVP) in the bed nucleus of the stria terminalis (BNST) and
its projections to the lateral habenula and lateral septum. This is associated with a
more than 100-fold increase in the amount of AVP mRNA in the BNST probably
as a comsequence of increased AVP gene transcription brought about by a
complex interaction between the activated estrogen receptor and other transcrip-
tion factors which control AVP gene expression.

STUDY I: ESTROGEN INCREASES THE DENSITY OF 5-HT,,
RECEPTORS IN CEREBRAL CORTEX AND NUCLEUS ACCUMBENS
IN THE FEMALE RAT

The profound effects of estradiol-178 on mood and mental state in the
human are likely to be mediated by monoamine mechanisms. The functional
psychoses are broadly divided into the affective disorders and schizophrenia.
Affective disorders have long been assumed to involve defective monoamine
function in brain (e.g. Ashcroft, er al. 1972). The efficacy of 5-HT uptake
inhibitors in the treatment of depression has suggested that major depression is
due mainly to a disorder of central 5-HT transmission (Kaplan and Sadock, 1985).
Schizophrenia, on the other hand, has generally been throught to be due to a
disorder of central dopaminergic transmission. However, recent psychophar-
macological data suggest that as well as playing a pivotal role in major depression
(Kaplan and Sadock, 1985) serotonergic (5-HT) mechanisms may also be
responsible, at least in part, for schizophrenia. Thus, for example, powerful
“‘atypical” antipsychotics such as clozapine and risperidone, which are highly
effective in the treatment of schizophrenia, bind with much greater affinity to
5-HT,, than dopamine receptors (Edwards, 1994; Janssen, et al. 1988; Leysen, et
al. 1992; Meltzer, er al. 1989; Seeman, 1992; Strange, 1994), and ritanserin, a
5-HT,. receptor antagonist, is an effective adjunctive treatment for the negative
symptoms of schizophrenia (Duinkerke, et al. 1993). This hypothesis receives
further support from the finding that the density of 5-HT-4 receptors, assessed by
*H-ketanserin binding in post mortem brain tissue, was significantly lower in the
prefrontal, but not the occipital cortex of patients with chronic schizophrenia
who died of natural causes compared with psychotics who died of suicide, control
subjects, and non-psychotic suicide victims (Laruelle, er al. 1993). The experimen-
tal evidence for the dopamine hypothesis of schizophrenia depends to a large
extent on the use of spiperone as a ligand (Di Paolo, 1994); but, spiperone also
has a high affinity for 5-HT,, receptors (Hoyer, ef al. 1994).

Bearing these facts in mind, and prompted by our finding that estradiol, in its
positive feedback mode for LHRH/LH release, stimulates a massive increase in
the expression of 5-HT., receptor mRNA in the dorsal raphe nucleus (Sumner
and Fink, 1993), we investigated the possible effects of estradiol on the density of
5-HT,, receptors in brain (Sumner and Fink, 19953, b).
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Materials and Metheds

As more fully described previously (Sumner and Fink, 1995a, b) twelve aduit
female COB Wistar rats were bilaterally ovariectomized under halothane
anesthesia on the morning of diestrus, and immediately injected s.c. with 30 ug
estradiol benzoate (EB) in 0.2 ml arachis oil, or with 0.2 ml arachis oil alone (six
rats per group). Next day at the expected time of the ovulatory surge of LH
secretion, the animals were decapitated under sodium pentobarbitone anesthesia,
and their brains removed and frozen for in vitro receptor autoradiography. Trunk
blood was measured for LH by radioimmunoassay (mean+ SEM: 3.7+0.3ng
NIDDK rat LH/RP/2/ml in EB-treated rats, and 0.8 £ 0.1 ng/ml in oil-treated
rats). Student’s t-test and the Mann-Whitney U-test confirmed that, as expected,
the EB had significantly stimulated LH release (P=0.0001 and P<0.01
respectively).

Brains from EB- and oil-treated animals were processed in pairs. Serial
15 um coronal sections were lightly fixed for 5min in 1% paraformaldehyde in
phosphate-buffered saline (pH 7.4), and then (after washes) incubated in buffered
2 nM 3H-ketanserin hydrochloride (NEN: sp.act. 2223 GBq/mmol) as described
by Pazos et al. (1985), except that our method included unlabelled 10™‘M
prazosin to prevent ketanserin binding to «;-adrenergic receptors. After the
post-incubation washes the sections were dried, apposed to Hyperfilm-*H
together with a tritium standard (Amersham, U.K.) and exposed at 0-4°C for 5
weeks. Control sections (blanks) were incubated with both labelled and un-
labelled ketanserin, and processed similarly.

Silver grain densities were measured on the developed autoradiographic
images with an Optomax image-analyser (Synoptics, Cambridge, U.K.). After
subtraction of blanks, the grain densities were converted to binding values
(fmol/mg tissue) by reference to the calibrated standard scale and the specific
activity of the ligand.

For each neuroanatomical region, a mean + SEM binding value was calcu-
lated from data collected over ten sections per animal. The means were analyzed
for statistical significance by paired tests (paired t-tests, and Wilcoxon signed
rank test) because the brains had been processed in pairs throughout.

Results

The highest density of 5-HT,4 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 ['*1]-LSD (lysergic
acid  diethylamide) or [*®I}-DOl  (1-(2,5-dimethoxy-4-iodophenyl)-2-
aminopropane) as 5-HT,4 ligands (Appel, er al. 1990; Hoyer, et al. 1994; Palacios,
et al. 1990; Pazos, et al. 1985). As also shown previously, the density of 5-HTaa
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(Continued.)

Fig. 1.
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Table I, Effects of Acute Estradiol Benzoate (EB) on Mean &+ SEM Binding (fmol/mg Tissue) of
*H-Ketanserin {in the Presence of Prazosin) in Different Regions of Female Rat Brain

Statistical significance

Wilcoxon signed

Brain region Oil-treated  EB-treated Percentage change Paired t-test rank

Anterior cingulate cortex 72267 89.2+78 24% increase P=0.0010 P =0.0312

Anterior frontal cortex 67.9+49 96.1 = 6.6 41% increase P =0.0004 P =0.0312
(areas 1 & 2)

Piriform cortex 62.2£6.7 72455 16% increase P=0.0153 P=0.0312

Olfactory tubercie 46550  53.7x42 16% increase P=0.0357 P=0.0312

Nucleus accumbens 502+3.2 56.4 £2.7 12% increase P =0.0059 P=0.0312

Claustrum 60.3+33 63.0+5.5 4% increase Not significant Not significant

Antero-ventral part of the 371217 42.8£4.5 15% increase Not significant Not significant
periventricular nucieus

Medial preoptic area 18021 17115 5% decrease Not significant Not significant

Hippocampus (dentate 21519 19.5+4.4 9% decrease Not significant Mot significant
gyrus)

Hippocampus (pyramidal 18946 199x24 5% increase Not significant Not significant
cell fields)

Dorsal raphe nucleus 311x34 344423 11% increase Not significant Not significant
{ventromedial part)

Dorsal raphe nucelus (dor- 283 +1.9 316£15 11% increase Not significant Not significant
somedial part)

Dorsal raphe nucleus (late- 24.5+1.4 356+ 2.1 45% increase P =0.0040 P =0.0312
ral part)

Locus coeruleus 21.9+4.8 209 +3.2 4% decrease Not significant Not significant

binding sites in frontal and cingulate cortex was greatest in laminae 1, Va and IV
(Appel, et al. 1990; Blue er al. 1988; Hoyer, et al. 1994) (Fig. 1). The density of the
5-HT,, binding sites (Fig. 1; Table I) corresponds closely with the concentrations
of 5-HT;4 receptor mRNA in brain (Mengod, et al. 1990; Pompeiano, et al. 1994;
Sumner and Fink, 1993; Sumner, et al. 1992).

Estradiol treatment significantly increased the density of 5-HT,, binding sites
in the anterior frontal, anterior cingulate and piriform cortex, the olfactory
tubercle, the nucleus accumbens and the lateral dorsal raphe nucleus (Table I;
Fig. 1). Preliminary studies had shown that a dosage of 10 ug EB ( as used in
Sumner and Fink, 1993) significantly increased the density of S-HT,, receptors in
four out of six animals in frontal cortex and in three out of six animals in
cingulate cortex. In the definitive, study, using the 30 ug dose of EB (Sumner and
Fink, 1995a,b), 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. The data
provide a rational explanation for the fact that the administration of estrogen or
5-HT uptake blockers, such as fluoxetine (*‘Prozac™), are effective in the treatment
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of the depressive symptoms of the premenstrual syndrome (O’Brien, 1993;
Rapkin, 1992, Studd and Zamblera, 1994; Wood, et al. 1992). The data may also
explain why estrogen therapy was effective in reducing significantly the severity
of symptoms in women with persistent major depressive disorder (Klaiber, er al.
1979), and why 5-HT, receptors have been implicated in suicide (Zifa and
Fillion, 1992).

Our findings are also relevant to puerperal psychosis which presents as major
depression, mania, schizoaffective or other psychosis (Dean and Kendell, 1981).
The majority of patients with puerperal psychosis are admitted to hospital during
the second postnatal week, but symptoms most frequently begin during the first
week after delivery of the infant (Dean and Kendell, 1981) during which the
plasma concentrations of estrogen drop precipitously. Some authors attribute
puerperal psychosis to a disorder of central dopaminergic mechanisms (Cookson,
1985; Wieck, er al. 1991), but our data raise the possibility that some of the
symptoms of puerperal psychosis involve 5-HT,. receptors. This is especially
likely for postnatal depression which accounted for 69% (46% major depressive
disorder; 23% minor depressive disorder) of the 71 patients with puerperal
psychosis studied by Dean and Kendell (1981).

For reasons outlined in the introduction, estrogen is also thought to play a
major role in the sex difference in schizophrenia: that is, the later onset of
schizophrenia in women than in men, a second peak of onset of schizophrenia in
women, but not in men after the age of 40 years, and the qualitative
sex-difference in symptoms (Cookson, 1985; Di Paolo, 1994; Lewis, 1992; Seeman
and Lang, 1990). These clinical observations suggest that estrogen ‘“‘protects”
against schizophrenia. The mechanism of this apparent antipsychotic effect of
estrogen is not known, but, in line with the dopamine hypothesis of schizoph-
renia, has been postulated to be due to estrogen inhibition of dopamine activity
(Cookson, 1985, Di Paolo, 1994; Wieck, et al. 1991). However, recent phar-
macological data, reviewed in the Introduction to this Study, suggest that as well
as playing a pivotal role in affective psychosus, a 5-HT,, mechanism may also be
involved in schizophrenia.

There is no conflict between the dopamine hypothesis of schizophrenia and
puerperal psychosis (Cookson, 1985; Di Paolo, 1994; Wieck, ef al. 1991) and our
hypothesis that estradiol could also affect mood and mental state by way of
5-HT,a receptors. Dopamine and 5-HT receptors may both be involved either in
series or in parallel 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 (Edwards, 1994; Janssen, ef al. 1988; Leysen, et
al. 1992; Meltzer, et al. 1989), or adjunctive treatment with the 5-HT,, antagonist,
ritanserin (Duinkerke, et al. 1993). Alternatively, since amphetamine, which
stimulates dopamine release, and lysergic acid diethylamide (LSD), which is a
5-HT,a receptor agonist (Appel, er al. 1990; Hoyer, et al. 1994; Palacios, er al.
1990; Pazos, et al. 1985; Zifa and Fillion, 1992), both cause hallucinations it is
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conceivable that abnormal serotonergic and dopaminergic mechanisms could act
in concert to cause hallucinations in schizophrenia and other psychoses.

The significant stimulation of 5-HT,, receptors by estrogen in the nucleus
accumbens deserves emphasis because this nucleus receives major inputs from the
amygdala, anterior cingulate and the piriform cortex, and projects, by relay in
striatum and thalamus, to the primary motor cortex (Zahm and Brog, 1992). The
role of 5-HT in the nucleus accumbens is not known but estradiol significantly
decreases 5-HT metabolism in this nucleus (Shimizu and Bray, 1993). The nucleus
accumbens also projects to the hypothalamus as do the frontal, cingulate and
piriform cortex, and so the estradiol-stimulated increase in the density of 5-HT,,
receptors in these brain regions (Fig. 1; Table I) may also be related to the
control of pituitary hormone secretion and mating and motor behavior (Dow, et
al. 1994; Hunter, et al. 1985; James, et al. 1989; Levy, et al. 1994; Mendelson and
Gorzalka, 1986; Nauta, 1963). The 5-HT,, receptor subtype plays a key role in
food intake and sleep (Levy, et al. 1994; Zifa and Fillion, 1992), and also mediates
the actions of hallucinogens such as LSD and DOI (Zifa and Fillion, 1992) and
some of the actions of cocaine (Levy, er al. 1994).

The mechanism by which estradiol increases the density of 5-HT,, receptors
is not yet established. There is good evidence that the cortical 5-HT,, receptors
are post-synaptic (Hoyer, et al. 1994; Leysen, et al. 1983; Zifa and Fillion, 1992),
but acute treatment with 10 ug estradiol benzoate did not increase the concentra-
tion of 5-HT,, receptor mRNA in brain with the exception of the dorsal raphe
nucleus (Sumner and Fink, 1993). A similar lack of concordance between the
density of receptors and their mRNA was found for D, receptors in striatum (Di
Paoclo, 1994; Lévesque, er al. 1992). There are several feasible 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 affect receptor binding activity rather than an increase in actual
receptor protein. The potent stimulatory effect of glucocorticoids on monoamine-
synthesising enzymes is a precedent for this explanation (Weiner and Ganong,
1978). 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 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. However, before embarking on investigation of these two possibilities, we
(B Sumner and G Fink in progress) are determining first whether the higher dose
of 30 ug of estradiol benzoate, used in the definitive studies on 5-HT,4 receptors
(Sumner and Fink, 1995a, b; Fig. 1 and Table I), affects 5-HT,, receptor mRNA
in cerebral cortex and nucleus accumbens.

The mechanism by which estradiol-178 could exert an antipsychotic effect by
increasing the density of 5-HT,, binding sites is also not clear in that, since the
effective antipsychotic, clozapine, is a 5-HT,, antagonist, one might predict that
the antipsychotic action of E, would depend upon a decrease rather than an
increase in 5-HT,, binding sites in brain. However, the same line of reasoning
must also apply to the conventional neuroleptics which are mainly D, receptor
antagonists. Thus, estrogen appears to have a neuroleptic-like effect on D,
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receptors, but, as in the case of 5-HT,, binding sites, D, binding sites are also
increased significantly by estradiol (Cookson, 1985; Di Paolo, 1994). So these data
point towards the fact that an increase in 5-HT,, and D, binding sites results in
increased efficacy of conventional neuroleptics as well as atypical antipsychotics,
even though in the case of D, receptors estrogen appears to act as an antagonist.
The human post-morten brain studies which showed that schizophrenia was
associated with a decreased density of 5-HT,, binding sites in prefrontal, but not
occipital cortex (Laruelle, er al. 1993), further support this hypothesis. Now that
this principle has been defined, experiments can be designed to determine the
precise mechanism involved in the interaction between estradiol, 5-HT,, recep-
tors and atypical and possibly conventional antipsychotics.

Relevant to this is the precise nature and connections of the 5-HT,4 receptor
expressing neurons in cerebral cortex and nucleus accumbens. Available informa-
tion is sparse, but the morphological and electrophysiological characteristics of
5-HT,A receptor expressing neurons in cerebral cortex suggest that a subpopula-
tion may be GABAergic (Morilak, et al. 1993; Zifa and Fillion, 1992), and that in
prefrontal cortex 5-HT,, receptor activation counteracts 5-HT, receptor me-
diated inhibition of cell firing (Aghajanian, et al. 1987; Sheldon and Aghajanian,
1990). 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 (23% of the NMDA
excitable interneurons in the piriform cortex), and which evoke inhibitory post
synaptic potentials in cortical pyramidal neurons (Sheldon and Aghajanian, 1990).
Since the net effect of 5-HT,, activation in cerebral cortex would appear to
facilitate neurcnal firing (Aghajanian, er al. 1987), our data (Sumner and Fink,
1995a,b) suggest that estradiol, by significantly increasing 5-HT.. receptor
density in cerebral cortex, would enhance significantly the propensity of pyrami-
dal cells to fire in response to a 5-HT stimulus. This proposition can be tested
electrophysiologically. Exposure to high levels of estradiol for 2-5 days results in
increased spontaneous firing of dopamine-containing or *“dopamine-dependent™
neurons of the nigro-striatal system (Chiodo and Caggiula, 1983: Tansey, er al.
1983). Whether a similar mechanism also obtains for cortical cells that express
5-HT,, receptor must now be determined. The action of estradiol on D-
neurons in striatum also challenges conventional wisdom in that there are no
estradiol receptors in striatum and so the action of estradiol might be mediated
by membrane rather than “classical” cytoplasmic receptors (Di Paolo, 1994
Tansey, et al. 1983).

Any hypothesis which suggests that the occurrence of depression and
schizophrenia might be prevented by the action of estrogen on 5-HT:A and D,
receptors in brain must also explain why the overall incidence of schizophrenia in
men is similar to that in women and why the incidence of depression is less in
men than in women. The most obvious cause is that the major genetic differences
between the two sexes may result in major differences in central neurotransmitter
mechanisms. In addition, however, the plasma concentrations of testosterone in
men is nearly 1000 times greater than the highest plasma concentrations of
estradiol in women (Wilson and Foster, 1992). Data from several species
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including man show that androgens are converted to estrogens by the brain
(Naftolin, et al. 1975). Animal studies provide compelling evidence for the fact
that the action of testosterone on the brain is mediated to a large extent by its
conversion to estradiol-17B by way of the aromatase enzyme (e.g. see Fink,
1988). Thus, even with a relatively small (0.1 to 1.0%) androgen-to-estrogen
conversion rate, neurons in male brain will be exposed and respond to
concentrations of estrogen which are likely to be as high as those reached in the
female brain.

Finally, since estrogen induces brain progesterone receptors (McEwen, ef al.
1981), the possibility cannot be excluded that the action of estrogen could be
mediated, at least in part, by progesterone. Progesterone and estrogen treatment
affect 5-HT uptake and turnover in several areas of brain (Cone, er al. 1981;
Hackmann, et al. 1973; Ladisich, 1977). This too is the subject of further study.

Conclusions

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, together with the known effects of estradiol on striatal
D, receptors, provide a rational neurobiological basis for the profound effect of
estrogen 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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Fig. 2. The mean (+SEM) number of cells expressing AVP mRNA in the BNST of hypogonadal
(hpg) mice at different times after implanting either empty (open bars) or testosterone-propionate
filled (closed bars) silicone elastomer capsules. Note the exponential increase in the number of
cells expressing AVP mRNA between days 3 and 6 of implanting the testosterone-propionate filled
capsules. Significance of differences (Mann-Whitney U test): *P <0.05; **P <0.01. From Rosie ef
al. (1993) with permission.
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STUDY II: STEROID EFFECTS ON AVP NEURONS OF THE BED
NUCLEUS OF THE STRIA TERMINALIS

Effects of Gonadal Steroids on AVP Peptide Concentrations

De Vries er al. (1986) first demonstrated that there is a marked sex difference
in the vasopressinergic innervation of the rat brain outside the classical
hypothalamic-neurohypophysial system. These sex steroid-dependent differences
are most pronounced in the lateral habenula and lateral septum in which there is
a dense plexus of AVP containing fibres which project from BNST perikarya. The
density of the AVP neurons is significantly greater in intact male compared with
intact female brains. The BNST-AVP system plays a crucial role in ‘social’ or
‘olfactory’ memory (Bluthé, et al. 1993a, b; Dantzer and Bluthé, 1992; Dantzer, et
al. 1988). We confirmed the findings of De Vries er al. (1986) in the mouse and
showed that no immunoreactive AVP fibres are present in the lateral habenula of
the LHRH deficient mutant hypogonadal (4pg) mouse (Mayes, er al. 1988).
AVP-containing fibres in the lateral habenula can be induced in Apg mice by the
insertion of a hypothalamic graft from normal mice into the third ventricle. The
graft innervates the hypophysial portal vessels with LHRH-containing terminals
which stimulate gonadotropin and thereby testosterone secretion which in turn
stimulates the male pattern of AVP-containing fibres in the habenula (Mayes, et
al., 1988). The administration of testosterone or estrogen to male Apg mice also
results in the normal development of AVP fibres in the lateral habenula.
However, administration of 5a-dihydrotestosterone, a potent androgen which
unlike testosterone cannot be converted by aromatase to estrogen, did not
stimulate the appearance of AVP in the BNST-habenula/septum system, showing
that the stimulatory action of testosterone depends upon its conversion to
estrogen (Mayes, et al, 1988). The substantially higher concentrations of AVP
fibres in normal male compared with normal female brain probably reflects the
fact that the amount of estrogen in the male brain is higher than in the female
presumably because, as in man (see above), the amount of testosterone available
for conversion to estrogen by aromatase in the normal male brain in rodents
exceeds significantly the amount of estrogen in the normal female.

Effects of Gonadal Steroids on AVP mRNA Levels

Our recent studies were designed to determine whether the action of the
gonadal sex steroids was due to stimulation of AVP biosynthesis as assessed by
the concentration of AVP mRNA in the BNST. The concentration of AVP
mRNA was determined by in situ hybridization using a **S-labelled 49 mer
oligonucleotide probe complementary to the 5’ end of the glycopeptide coding
domain of AVP mRNA (Rosie, et al. 1993). By selecting the coding domain for
the glycopeptide we avoided confusion with oxytocin the transcript of which is
similar to that of AVP, but does not contain the coding domain for the c-terminal
glycopeptide. Exposure to supraphysiological concentrations of testosterone for
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Transcription factor interactions with the AVP proximal Promoter
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Fig. 3. Transcription factor interactions with the AVP proximal promoter. The bHLH
factor binding sites, CANNTG, are boxed, the Sp1 binding sites are underlined and the AP1
site is shown in bold.

6-12 days induced an exponential increase of more than 100-fold in the number
of cells that express AVP mRNA in the BNST in hpg mice (Fig. 2). Similar
results were obtained in the adult rat (Miller, et al. 1989). The action of
testosterone is ‘“all-or-none” in that the level of AVP mRNA in the AVP-
positive cells was similar at all times after testosterone implantation and also
similar or less than that in the few AVP-positive cells in animals not treated with
testosterone (Rosie, et al. 1993). The relatively long time taken for testosterone to
exert its effect on AVP mRNA in BNST neurons is consistent with its effect on
AVP immunoreactivity in the lateral habenula and lateral septum and on
behavior, and suggests that the action of testosterone may be mediated by
indirect or slow intracellular transduction mechanisms and/or increased stability
of AVP mRNA.

Regulation of AVP Gene Transcription

While an effect on mRNA stability cannot be excluded, the more than
100-fold increase in AVP mRNA levels induced by testosterone makes it unlikely,
and we have, therefore, begun an investigation on the effect of E; on AVP gene
transcription. AVP gene expression is regulated by the interaction of transcription
factors with discrete DNA motifs within the promoter region. In many genes the
promoter region immediately upstream of the transcriptional start site imparts
significant control over expression. We have initiated studies to correlate
differences in AVP gene expression with transcription factor interactions within
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Fig. 4. Transcription factor interactions with the proximal AVP promoter. This
schematic diagram shows the approximate location of potential cis acting elements
within the AVP promoter.

the promoter. As a first step a detailed study was carried out on the potential
transcription factor interactions within the proximal AVP promoter region
spanning —365 to +1 (Mohr and Richter, 1990) using DNAase 1 footprint and
electrophoretic mobility shift analysis (EMSA) (Grace et al manuscript in
preparation). These interactions are summarised in Figs 3 and 4. We have found
a clustering of binding motifs in the proximal AVP promoter region and
characterized the classes of transcription factor that interact with these motifs.
Three classes of transcription factor have been demonstrated to bind to this
region by EMSA: (i) AP1, the heterodimeric complex composed of proteins
related to c-Jun and c-Fos, (ii) the Spl factor, and (iii) the basic helix-loop-helix
(bHLH) protein family. The bHLH proteins are often involved in regulating
tissue specific as well as stimulus inducible gene expression (Therrien and Drouin,
1993; Wright, 1992). It is striking that there is a clustering of five bHLH binding
sites, also termed E box binding motifs, in this short region of the promoter. We
have demonstrated by EMSA that each of these E box motifs has a different
specificity and affinity for distinct bHLH complexes, raising the possibility that
each distinct motif has a unique role to play in AVP gene expression. In
particular the domain spanning —155 to —106 which contains three E box motifs
flanking the APl motif is a potential complex regulatory region. In other
promoters, the E box motif adjacent to AP1 elements has been demonstrated to
act synergistically. Indeed, in the tyrosine hydroxylase gene promoter this
arrangement of motifs acts as a tissue specific enhancer (Yoon and Chikaraishi,
1992). The definition of transcription factor interactions within the AVP
promoter should allow the construction of testable models to correlate estradiol
induced, tissue-specific AVP gene expression with specific regulatory domains in
the promoter.
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Conclusions

The general importance of these studies is that they demonstrate the value of
the BNST-AVP system for studies on the way estrogen can exert effects on
behavior by affecting neuropeptide gene expression in a tissue-specific manner.
Whether the effects of estradiol on “social” or “olfactory” memory in rodents is
also the case in man is the subject of further studies. These findings also
emphasize the principle, which may prove to be generally applicable, that, in
brain, the effects of testosterone would appear to be mediated by estrogen
produced as a consequence of the aromatase converting enzyme. Whether this
applies also to the effect of androgens in exacerbating the signs and symptoms of
Tourette’s Syndrome and genetically related disorders awaits to be determined.

CONCLUSION

Because of their potent actions on brain-pituitary functions, and because so
much is already known about steroid receptors and their interactions with steroid
response elements on genes in general, the study of steroid action on brain and
pituitary offers a powerful method for establishing key principles about the
molecular mechanisms that underlie central neurotransmission. This point is
illustrated here by two separate studies.

The first demonstrates that estrogen, in its positive feedback mode for
gonadotropin release, stimulates a significant increase in the density of 5-HT,a
binding sites in anterior frontal, cingulate and primary olfactory cortex and in the
nucleus accumbens. These data provide the first experimental evidence for the
fact that the psychoprotective effects of estrogen may be mediated by a 5-HT,4
receptor as well as a D, receptor mechanism. Our data explain the efficacy of
estrogen therapy and the 5-HT uptake blocker, fluoxetine, for the treatment of
the depressive symptoms of the premenstrual syndrome, and major depression in
general. Our findings, together with the high affinity of atypical antipsychotics,
like clozapine, for 5-HT,, receptors, also suggest that schizophrenia may involve
a serotonergic as well as dopaminergic component. Once the mechanism of action
of estradiol on 5-HT,, and D, receptors has been established, it may be possible
to track back and determine the nature of the disorders that underlie the several
functional psychoses.

Our second study illustrates the mechanism by which E,, or testosterone by
its conversion to E,, can exert effects on memory and behavior by increasing
significantly the expression of the neuropeptide AVP in the bed nucleus of the
stria terminalis.

Both studies provide a firm basis for sophisticated molecular studies on how
the same steroid, estrogen, modulates brain function by way of widely different
molecular mechanisms. Whether these molecular models apply to man can now
be tested with the aid of positron and single photon emission tomography (PET
and SPET) coupled with modern human genetics. Our approach, therefore,
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provides a fundamental bridge between neuroimaging on the one hand and
human molecular genetics on the other.
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