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ABSTRACT

Important gender differences exist regarding affective disorders, and
depression affects women two times more than men. Accumulating evidence
suggests a functional interrelationship between ovarian steroids, the serotonergic
(5-HT) system and depression. The objective of this thesis was thus to study the
modulation of the 5-HT neuronal firing activity by neuroactive steroids and
compare it between genders. It was achieved by means of in vivo extracellular
unitary recordings of dorsal raphe nucleus (DRN) 5-HT neurons in anesthetized

rats.

The basal firing rate of DRN 5-HT neurons was significantly higher in
males (M) and pregnant females (P17) as compared to freely cycling females (F).
During pregnancy, 5-HT;a autoreceptors were partially desensitized, which is
consistent with the higher 5-HT neuronal firing activity. The GABAergic tonic
inhibition of 5-HT neurons was lower in both M and P17 as compared to F, which

is also in agreement with their greater 5-HT neuronal firing rate.

In F, S5P-pregnane-3,20-dione (5B-DHP), S5a-pregnane-3a-ol,20-one
(3a,5a-THP), dehydroepiandrosterone (DHEA), its sulfated form DHEAS,
testosterone (T), 17B-estradiol (17B-E) and ganaxolone (a synthetic analog to
3a,50-THP) significantly increased the firing activity of 5-HT neurons. Of

those, only DHEAS, T and 17B-E were also effective in M. The effect of 3a,5a-



THP and ganaxolone in F, as well as of DHEAS in both M and F, could be seen
as early as after a 3-day treatment. Furthermore, 3a,50-THP and ganaxolone
prevented the initial decrease in firing activity caused by citalopram (a selective 5-
HT reuptake inhibitor), which is responsible for its delay of therapeutic action.

However, DHEAS could prevent it only partially in both genders.

These results constitute strong evidence of gender differences in both the
basal firing activity of 5-HT neurons and in their modulation by neuroactive
steroids. They also present some mechanisms of action by which gender and
hormonal fluctuations influence the 5-HT neuronal function. Finally, the results
of this thesis offer a cellular basis for the putative antidepressant effects of
neurosteroids, which may prove important particularly for affective disorders in

women.
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RESUME

La propension & développer une dépression majeure est deux fois plus
importante chez la femme que chez 'homme, suggérant un rdle des hormones
stéroides dans cette pathologie.  L'augmentation de la neurotransmission
sérotoninergique (5-HT) observée lors des traitements par des antidépresseurs

souligne également 1’implication du systeme 5-HT.

Pour étudier 1la modulation de ’activité 5-HT par les neurostéroides ainsi
que son effet différentiel relativement au sexe, I’activité extracellulaire unitaire
des neurones du raphé dorsal a été enregistrée in vivo, chez le rat anesthési¢. Le
taux de décharge de base des neurones 5-HT est plus élevé chez les males (M) et
les femelles gestantes (P17) que chez les femelles contrdles (F). Ce taux de
décharge plus rapide durant la gestation pourrait s’expliquer par Ia
désensibilisation partielle des autorécepteurs 5-HT;x. L’inhibition tonique
GABAergique des neurones 5-HT est moindre chez les M et les P17 que chez les
F, ce qui peut également contribuer aux taux de décharge accrus des neurones 5-

HT.

Chez les F, la 5B-pregnane-3,20-dione (5B-DHP), la Sa-pregnane-3o.-
0l,20-one (3a,50-THP), la dehydroepiandrosterone (DHEA), son homologue
sulfatée 1la DHEAS, la testosterone (T), le 17B-estradiol (17B-E) et la ganaxolone

(un analogue synthétique de la 30,,5a-THP) induisent une augmentation du taux

xii



de décharge des neurones 5-HT. Parmi ceux—ci, seule la DHEAS, la T et la 17B-E
ont un effet notable chez les M. L’effet de la 3a,50-THP et de la ganaxolone
chez les F ainsi que de la DHEAS chez les deux sexes, est observé dés 3 jours de
traitement.  Par ailleurs, la 3a,50-THP et la ganaxolone préviennent le
ralentissement initial de la décharge des neurones 5-HT causé par le citalopram
(inhibiteur sélectif de la recapture de la 5-HT) qui retarde son effet thérapeutique.
En revanche, la DHEAS ne prévient que partiellement ce ralentissement chez les

deux sexes.

Ces résultats montrent des différences sexuelles tant sur le taux de
décharge basal des neurones 5-HT que sur leur réponse a une modulation par des
stéroides neuroactifs. Enfin, les données de cette thése offrent une base cellulaire
3 Deffet antidépresseur potentiel des neurosteroides qui pourraient s’averer

important pour le traitement des troubles de I’humeur féminins.
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Chapter 1

INTRODUCTION



1.1 Serotonin and depression

Serotonin (5-HT) was first hypothesized to play a role in the
pathophysiology of depression in the late 1960s (105,278). Since then, a large
body of evidence has been accumulating to implicate the 5-HT system in mood
disorders (424). Most of it derives from the observation that every antidepressant

treatment enhances 5-HT neurotransmission.

1.1.1 Dorsal raphe nuleus

The dorsal raphe nucleus (DRN) is located in the brainstem, in the
ventromedial region of the midbrain periaqueductal gray (281,555) below the
cerebral aqueduct (235). It is one of the brain regions most densely populated
with 5-HT neuronal cell bo‘dies (235,281,500,555). Depending on the species, 5-
HT neurons constitute between 30% (rat) (4,555) and 70% (cat) (555) of the total
number of DRN cells. The organization and types of cells forming the DRN as
well as their projection networks are very similar across mammalian species
(4,235). The DRN is also one of the nuclei (along with the median raphe nucleus)
from which originate the majority of 5-HT neurons innervating the whole brain
(4,235). 1t is noteworthy that DRN 5-HT neurons project extensively to limbic

areas (235), which are involved in the control of emotions (113).



1.1.2 Basics of 5-HT neurotransmission

DRN 5-HT neurons have a spontaneous firing activity, which can be
modulated by different auto- and hetero-receptors located on the cell body and
dendrites (87,235,410). The release of 5-HT by nerve terminals is directly
influenced by the neuronal firing activity (4,410) and can be modulated by 5-
HT,g1p receptors located on the axon terminal (4,223,312,410). The quantity of
5-HT in the synaptic cleft is also dependent on the rate of its reuptake by 5-HT
transporter (SERT) and its degradation by monoamine oxidase (MAO) (387,410).
Finally, different postsynaptic 5-HT receptors mediate a variety of effects

characteristic of 5-HT neurotransmission.

1.1.3 Mechanisms of action of antidepressants

Antidepressant treatments can act through different mechanisms and at
various points along this system to increase 5-HT neurotransmission (63,64). For
instance tricyclic antidepressant (TCA) drugs and electroconvulsive therapy seem
to increase the sensitivity of postsynaptic 5-HT;a receptors (63,64,94,114,115).
Monoamine oxidase inhibitors (MAOIs) and selective serotonin reuptake
inhibitors (SSRIs) both increase the amount of 5-HT available in the synaptic
cleft, the former by preventing its degradation and the latter by blocking its
reuptake by the presynaptic cell (59,64,65,93,387). This increased extracellular
amount of 5-HT is also present in the somatodendritic area where it activates 5-

HT;  autoreceptors (63,64,199,222,424). This leads to an initial inhibition of the



5-HT neuronal firing rate but also to a subsequent gradual desensitization of these
receptors  (59,63,64,93,199). The 5-HT neurons, eventually free from
autoregulation, recover their initial frequency of action potential firing, and the
drug-induced increase in synaptic 5-HT concentration can finally be expressed as
enhanced 5-HT neurotransmission (59,62,64,93,387,424). Indeed, it has been
shown that chronic treatments with different types of antidepressants result in
greater tonic activation of postsynaptic 5-HT)4 receptors, indicating a net increase
in 5-HT neurotransmission (198). This desensitization process takes about two to
three weeks and is consistent with the delayed therapeutic onset of antidepressant
action (59,63,64,93). The particular importance of 5-HTa receptors in the

neurobiology of depression is thus underscored.

1.1.4 5-HT:a receptor levels in depression

Postmortem studies have shown increased binding levels of 5-HTia
receptors in the DRN (21,505), but not prefrontal cortex or hippocampus (504), of
suicide victims with major depression as compared to controls. There is new
evidence showing that a gene polymorphism in the 5-HT;A promoter is associated
with major depression and suicide (284). The biological consequence of this
polymorphism is an impaired repression of the 5-HT;s autoreceptor gene
expression (284), which would explain the above mentioned observation.
However, this was contradicted by another postmortem study in suicide victims
with major depression showing reduced number of DRN 5-HT;s receptors as

compared to controls (21). Furthermore, other studies, using positron emission



tomography (PET) imaging, also reported lower 5-HT;s receptor binding
potential in raphe nuclei as well as in different cortical regions in depressed
patients as compared to healthy controls (123,458). A lesser number of cortical 5-
HT;s receptors would be consistent with reduced 5-HT neurotransmission in
depressed patients. On the other hand, a reduction in 5-HT4 autoreceptor would
expectedly lead to enhanced 5-HT neuronal firing activity rather than to
depression.  However, this might represent a homeostatic adaptation to
compensate for the reduced neurotransmission, as reflected by lower postsynaptic
5-HT;a receptor binding levels, or vice versa (21). Nevertheless, taken together,
these studies indicate differences in 5-HT;a receptors between depressed and non-
depressed people and support an important role for this receptor in the

pathophysiology of depression.

1.2 Women and depression

Gender differences in mood disorders have been extensively documented.
It is well established that major depression affects women twice more often than
men (19,53,57,73,250-252,301,434,439). The lifetime prevalence has been
estimated to be around 21-23% for women and 11-14% for men
(19,57,73,250,252). This 2:1 ratio appears to be constant across cultures
(19,566,567). For seasonal affective disorder the difference was reported to be
even greater, with a women: men ratio of 7:2 (283). Differences in prevalence for
major depression between sexes first appear at female puberty, around 12-14

years old (73,478). Since puberty is the time when ovarian hormones start to



fluctuate, these hormones have long been hypothesized to play an important role

in women’s mood disorders (129,131,239,388,394).

Furthermore, in female patients, depressive episodes seem to develop or
exacerbate during periods associated with hormonal fluctuations such as puberty
(208,394), menstrual cycles (129,130,208,394,567,585), the postpartum period
(208,262,394,567) and menopause (75,262,567). For instance, during the luteal
phase of the menstrual cycle (or premenstrual period) up to 70% of women
complain of lowered mood and of emotional distress, varying in severity
(203,207,291,449), while 2% to 10% meet the criteria for prememenstrual
dysphoric disorder (PMDD) (48,131,291,520). Again, this seems to be true cross-
culturally (291). During the postpartum period, 10% to 22% of women suffer
from major depression (378,379,381) while up to 85% experience mild to
moderate depressive symptoms or “postpartum blues” (48,267,379,381). Women
with a history of depression have higher risks of developing premenstrual
depressive symptoms (130,201,585) as well as postpartum (378) and peri-

menopause depressions (397).

It has been proposed that some women might be more vulnerable to
depressive illnesses and thét normal hormonal fluctuations, and their subsequent
effects on the central nervous system, may be enough to trigger mood
disturbances (129,204,208,239,388,394,464,501). This greater susceptibility of
women to depression, especially during periods of hormonal variations, suggests a

role for ovarian hormones in the pathophysiology of female affective disorders.



For clarity purposes, the hormonal fluctuations during the menstrual cycle,
pregnancy and menopause will be briefly summarized. The menstrual cycle
begins with the onset of menses, which last about 5 days (310). This menstrual
phase is characterized by low plasmatic levels of estrogen (E) and progesterone
(P) (310). E levels increase during the follicular phase, which usually spans from
the 5™ to 14™ day of the cycle, and then suddenly drop just before ovulation
(around the 14™ day) (310). The last phase of the menstrual cycle is the luteal
phase (day 14 to 28), during which both E and P levels increase to peak in mid-
luteal phase (310). It should be noted that, during this phase, E levels do not rise
as high as during the follicular phase and that the levels of P are greater than those
of E (310). During the late luteal phase, which represents the last 7 to 10 days of
the cycle, the levels of both E and P drop dramatically, thus triggering the menses
(310). Throughout pregnancy, there is a constant and important increase in
plasmatic levels of both E and P (219). Just before parturition, P levels drop
drastically (310) and during the postpartum period, there is an approximate 100-
fold and 10-fold decrease in plasmatic P and E levels, respectively (214).

Menopause is also associated with decreased levels of E and P (177).

1.2.1. Gender differences in human 5-HT system and in response to

antidepressants

The gender differences in depression could result, at least in part, from

anatomical and functional dissimilarities along the 5-HT system of men and



women. For instance, tryptophan depletion was shown to exacerbate depressive
symptoms in women suffering from premenstrual syndrome (339) and to
significantly lower the mood of healthy women (128,288) but not men (34,128).
Furthermore, women seem to have a lower rate of 5S-HT synthesis than men (372),
which might make them more vulnerable to depression if there is greater need for
5-HT, in which cases synthesis might not be sufficient to compensate for the
reduction in cerebral 5-HT levels (372). Interestingly, women also seem to have
higher 5-HT;s binding potential in several regions of the brain, including the
DRN (395). All these differences could contribute to women’s greater

vulnerability to mood disorders.

5-HT system gender differences are also reflected by the distinctive
response of men and women to various antidepressants. In the treatment of major
depression, women were shown to better respond to sertraline (an SSRI) than to
imipramine (a tricyclic) and the opposite was true for men (263). Fluoxetine (an
SSRI) was also shown to be more effective than maprotiline (a selective
norepinephrine reuptake inhibitor, SNRI) for treating premenopausal women
suffering from major depression, while no such difference between these two
drugs were found in men or in older women (311). It thus appears that SSRIs are
better suited for the treatment of major depression in women. It could suggest a
greater sensitivity of their SHT system as compared to that of postmenopausal
women and men, who are not exposed to hormonal fluctuations. All this evidence
emphasizes the intricate relationship between ovarian hormones, 5-HT system and

women mood disorders.



1.2.2 5-HT and female mood disorders

The premenstrual syndrome (PMS) or premenstrual dysphoric disorder
(PMDD) is characterized by recurring depressive symptoms, which appear during
the last week of the luteal phase of the menstrual cycle and remit shortly after the
onset of menses (18). The time frame for the symptoms in PMS is different from
that of major depression (18). However, since the depressive symptoms correlate
with the hormonal fluctuations, the study of this condition could provide insight
into the role of ovarian steroids in depressive symptoms and in mood disorders in

general.

As mentioned above, SSRIs are efficient treatments for major depression.
Furthermore, they seem to have greater beneficial effects than other non-
serotonergic antidepressants in treating PMS (132,153,398). Interestingly, their
beneficial effects are usually seen within a shorter timeframe in PMS than in
major depression (132,153,503,517,570,584). Administration of SSRIs limited to
the luteal phase of the menstrual cycle has also proven effective in reducing
premenstrual psychological symptoms (205,237,516,586), and even more so than
continuous administration (152,570). Taken together, these observations could

suggest a different mechanism of action than in major depression.

It was also suggested that SSRIs’ therapeutic effects were mediated, at

least in part, by their enhancement of the cerebral levels of Sa-pregnane-3a-0l,20-



one (allopregnanolone, 3a,50-THP), a metabolite of P (see figure 1 for partial
metabolic pathway) (180,187). Similarly, L-tryptophan infusions were shown to
induce greater increases in 3o,50-THP blood levels in women with PMS than in
controls (430). This was thus suggested to uncover a blunted 5-HT activity in
PMS women (430). This is also further evidence of a close relationship between
neuroactive steroids, the 5-HT system and depressive symptoms. Other
abnormalities of the 5-HT system, such as a blunted response to a fenfluramine
challenge (144) or to tryptophan infusions (429), have been observed in PMS

(56,336,502).

Depressed menopausal women also had lower platelet and blood 5-HT
contents, which could be returned to control values by 17B-E and synthetic
progesterone supplementation, which also alleviated the depressive symptoms
(186). These data suggest that some women may be have altered sensitivity to

hormonal modulations of the 5-HT system (501).

1.3 Steroids and depression

1.3.1 Steroids, postpartum and menopausal depression

Apart from the obvious fall in ovarian steroid plasmatic levels, there does

not seem to be any correlation between estrogen or progesterone levels and

postpartum depression since both depressed and non-depressed women have
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similar plasmatic levels of these hormones (214,217,369,380). However,
depressed women were reported to have lower serum levels of 3a,5a-THP as
compared to non-depressed women during the postpartum period (369).
Concerning menopause, depression was associated with low levels of DHEAS
rather than with estrogen or progesterone (28). This could thus suggest a role for

neuroactive steroids in the pathophysiology of female mood disorders.

1.3.2 Steroids and premenstrual syndrome

In the premenstrual syndrome (PMS), depressive symptoms occur during
the late luteal phase of each menstrual cycle (209,397). Because of this cyclic
recurrence, many have tried to find a link between levels of ovarian steroid and
symptom severity. However, no distinct pattern has yet emerged. For instance,
higher plasma concentrations of progesterone (P) (176,553), 3a,5a-THP (176)
and 17B-estradiol (17B-E) (553) were observed in women suffering from PMS as
compared to controls. This finding was partly contradicted by another study
showing lower P and 3a,5a-THP levels but higher estradiol in women with PMS
as compared to those who were symptom-free (355). An increase in negative
mood symptom severity was also observed with increased plasma levels of
pregnenolone (PREG) (553), pregnenolone sulfate (PS) (553), P (202,209) and
17B-E (209,469,553) as well as with decreased levels of Sa-pregnane-3,20-dione
(50-DHP) (553) and 3a,5a-THP (428,553). Finally, others reported no

difference in plasma levels of either P (56,428,466,469,518), PREG, 3o,50-THP
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(466,469,518), 17B-E (56,448,518), dehydroepiandrosterone sulfate (DHEAS) or
dihydrotestosterone (50-DHT) (448) between PMS women and controls, and no
correlation between hormone levels and severity of depressive symptoms

(397,466).

Since no clear picture could be drawn from these studies, it has been
proposed that ratios and variation rates were of greater importance than hormonal
levels per se. Concerning the fluctuation of plasma 3a,5a-THP levels, the ratio
between the luteal and follicular phases was three times less in women with PMS
than in healthy women (355). The ratio of 3a,,50-THP to P during the late luteal
phase of the menstrual cycle of PMS women was also lower than in controls
(428). But, a third study showed the opposite; a greater plasma levels of both
3a,5a-THP and P as well as enhanced 3a,5a-THP to P ratio in PMS women
compared to controls (176). Halbreich et al. reported faster rates of decrease in P
levels, but not in those of estrogen, in PMS women as compared to controls as
well as a correlation between higher rates of P decrease with increasing symptom
severity (202). Together, these studies show that, as was the case for hormonal
levels, there is no consensus as to ratios or variation rates of ovarian steroids and

PMS symptoms.

It is clear from the lack of consistency that, although ovarian hormones are
likely implicated in development or exacerbation of depressive symptoms, there 1s

no simple correlation between hormonal levels or ratios and PMS. It is possible,
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but unlikely, that such generalized inconsistency is merely due to protocol
differences. Different sensitivities of the 5-HT system to hormonal variations
have been suggested (502) and would represent a more convincing hypothesis.
Considering the myriad of effects that multiple neuroactive steroids have in the
CNS, through various mechanisms of actioﬂ (as discussed in the following
sections), this discrepancy could reflect individual imbalances, compensation

mechanisms and/or vulnerabilities, all leading to depressive symptoms.
1.3.3 Steroid levels in depression and following antidepressant treatments

Altered levels of ovarian steroids were also observed during depressive
episodes and were regularized by antidepressants. For instance, the CSF and
plasma of depressed patients have been shown to contain lower levels of 3c,5p-
THP (440,542) and 3a,5a-THP (440,507,508,542) than those of healthy subjects,
and they could be elevated back to normal levels by successful antidepressant
treatments (440,507,508,542). Interestingly, the increase in CSF levels of 3,50~
THP was proportional to the mood improvement (542). Plasma levels of 3,5a-
. THP were conversely found to be higher during depressive episodes than in
healthy controls, and again antidepressant treatments reversed this effect
(440,507).  Some studies found no differences in PREG (440,542), P
(440,508,542), 50-DHP (440,508) or DHEA (440) levels, while others showed a
decrease in PREG in the CSF of depressed inpatients (173) and lower levels of

DHEAS in the plasma of depressed elderly women (39).
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Likewise, modulation of steroid levels by antidepressants was observed in
rats. Injection of the selective serotonin reuptake inhibitors (SSRIs) fluoxetine or
paroxetine to male rats rapidly resulted in greater 3a,,5a-THP cerebral content and
concomitant decrease in 50-DHP, without change in PREG, P or DHEA (541).
Independent of extracellular 5-HT levels (187), this effect seemed to result from
the interaction of SSRIs with the enzyme 3a-hydroxysteroid dehydrogenase (3a-
HSD), favoring the conversion of 5o~ and 5B-DHP into their respective 3a-
reduced metabolites (3a,50- and 3a,5p-THP) (180,187,541,542). Three different
SSRIs (fluoxetine, paroxetine and sertraline) were shown to facilitate this
conversion of 5a-DHP in 3a,50-THP by the human 3a-HSD (180). These results
were also reproduced in rat frontal cortical slices, with other classes of
antidepressants such as amitriptyline (a tricyclic) and desipramine (a
norepinephrine reuptake inhibitor), which both increased synthesis of 3o, 5a-THP
from Sa-DHP (236). This was apparently also due to direct interaction with 3o.-
HSD (236). Other 5-HT reuptake inhibitors (clomipramine and fluvoxamine) have

also been shown to decrease P and 17B-E serum levels in female rats (435).

These data would suggest synergic interactions between neurosteroids and

antidepressants to modulate the 5-HT system and/or induce beneficial effects on

mood.
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1.3.4 Antidepressant effects of steroids

In both clinical studies and animal models, different ovarian steroids have
been shown to have antidepressant (or antidepressant-like in the case of animals)

effects.

1.3.4.1 Clinical studies

Removal of hormonal fluctuations, either by pharmacologically induced
anovulation (464,519) or by ovariectomy (84), has been proven efficient in
alleviating premenstrual symptoms. However, for obvious reasons, this treatment
is not suitable for the majority. Several clinical studies have found estradiol to be
efficient in treating PMS (560), postpartum (9,10,179,218) and peri-menopausal
(186,465,494) depressions. On the other hand, progesterone was reported to not
be more efficient than placebo in treating PMS (151). Estrogen administration
improved the response to antidepressants in depressed elderly women (467) as
well as in both pre- and post-menopausal women who were initially not
responding to treatment (257). Conversely, treatment of breast cancer with
tamoxifen (an estrogen receptor antagonist) was associated with higher rates of
depression than in cancer patients not treated with tamoxifen (85). These data

clearly suggest antidepressant properties for estrogens.

DHEA was also shown to be beneficial in the treatment of dysthymia (68)

and major depression (572-574). Patients treated with DHEA responded better
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than those receiving placebo (68,572) and the response rates were similar to that
obtained with other antidepressants (68). Interestingly, the plasma levels of
DHEAS increased at least 3 times more than that of DHEA (68,573).
Furthermore, the changes in mood ratings correlated with the increase in plasma
DHEAS levels (68,573) rather than DHEA levels (68). This was attributed to the
faster clearance of DHEA (68). In middle-aged and elderly patients, improvement
of depressive symptoms seemed to correlate with increases in both DHEA and

DHEAS levels (574).

1.3.4.2 Animal models

Several studies using animals have shown antidepressant-like effects for
neuroactive steroids. The Porsolt forced swimming test is widely used for
screening potential new antidepressants (133,414). In this experimental model,
animals are forced to swim and after a certain period of time, they become
immobile, a behavior which is then considered to indicate lowered mood or
despair (414). Since most antidepressant treatments can effectively reduce the
length of time they remain immobile, this test is useful for evaluating putative

antidepressant properties of a given compound (133,414).

DHEAS was shown to reduce the mouse immobility time in this paradigm,
suggesting an antidepressant-like effect (432,540). DHEA also reduced the
immobility time in this paradigm but only in high-anxiety rats (415). In one study

(432), PS had a similar effect in intact animals but in another, its antidepressant-
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like effect was only apparent in ADX/CX mice (540). Together, these data might
suggest a lower efficacy for DHEA and PS as compared to DHEAS. However, in

the case of DHEA, it could also be due to species difference and/or use of lower

doses.

Khisti and coworkers, using the same model, showed that 3a,5a-THP was
also efficient in reducing the mouse immobility time (253,254). Interestingly,
various 5-HT agents (SSRI, 5-HT releaser and respective 5-HT;a, 5-HT g/ and
5-HT,a/1c receptor agonists) all potentiated this antidepressant-like effect of
3a,50-THP at doses insufficient to affect the immobility time on their own (253).
Conversely, decreasing 3o,50-THP cerebral levels, by blocking P metabolism
using finasteride, increased immobility time in proestrus rats, which otherwise
swam more than diestrus females or males (see next paragraph for the rat’s
estrous cycle) (160). Administration of P to ovariectomized (OVX) rats also
reversibly decreased immobility time (315), but whether this effect was mediated

by elevated levels of 3a,,50-THP remains to be confirmed.

For clarity purposes, a brief description of the rat’s estrous cycle and its
hormonal fluctuations is included here. The cycle lasts about 4 to 5 days and
consists of four phases: estrus, metestrus, diestrus and proestrus (154). Ovulation
occurs at the end of the proestrus (154). Plasmatic levels of 17B-estradiol are low
at estrus and gradually increase during metestrus and diestrus, to peak at mid-

proestrus, and fall abruptly before ovulation (154). Progesterone is low during
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most of the cycle, rises drastically at mid-proestrus and, like E, drops before

ovulation (154).

Castration of male and female rats significantly increased their immobility
time (161,382), while estradiol supplementation decreased it, indicating an
antidepressant-like effect (133,161,382,425). This reduction could be blocked by
both the 5-HT;, receptor antagonist WAY100635 and the selective estrogen
antagonist RU58668 (133), thus supporting a close relationship between the 5-HT
system and neuroactive steroids. Using the tail suspension test, it was shown that
the antidepressant-like effects of both estradiol and P were only apparent in OVX
animals, which had longer immobility time as compared to sham-operated mice

(38).

Most studies assessing the immobility time in the Porsolt forced
swimming test as a function of the estrous cycle found it to be longer during
diestrus than proestrus-estrus (104,160,161,316,317). Interestingly, this
difference could be prevented by treatment with clomipramine (316) and
exacerbated by stressors (317). This could suggest that the females’ mood is
sensitive to stressors especially during diestrus (317) and that this more labile
mood can be stabilized by antidepressants. Using the same paradigm, Galea et al.
designed a model of postpartum depression, which showed that 3 weeks of P
administration, followed by 3 days of withdrawal, significantly increased the
immobility time of female rats (163). They also showed that if estrogen was

administered during these 3 days of withdrawal, the immobility time was not
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different from control females (163). In general, these data suggest a detrimental
effect of hormonal withdrawal and fluctuation as well as a beneficial effect of

steroid supplementation on mood.

These studies, using the Porsolt forced swimming test, support a gender
difference as well as an effect of estrous cycle in the susceptibility to develop
depressive symptoms. Furthermore, both clinical studies and animal models
indicate potential antidepressant effects for various steroids, including DHEA,
DHEAS, PS, 3a,50-THP and 17B-E. They also suggest a close interaction
between neurosteroids and the 5-HT system as well as an important role in the

neurobiology of depression.

1.4 Metabolism and Synthesis

Being lipophilic, most steroids can easily cross the blood-brain barrier
(452). Moreover, several of them can also be synthesized by the brain and were
thus named neurosteroids (452). In the CNS, the expression of steroidogenic
enzymes is region- and cell type-specific, and is developmentally regulated (101).
Only enzymes involved in the synthesis and metabolism of sex steroids will be

discussed here (for partial metabolic pathway see figure 1).
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1.4.1 Cytochrome P450 side-chain cleavage

The first step in steroid synthesis is the translocation of cholesterol from
the cytoplasm into mitochondria, by mitochondrial peripheral-type
benzodiazepine receptors (PBR) (389). Inside mitochondria, cholesterol is
converted into PREG by the rate-limiting enzyme cytochrome P450 cholesterol
side-chain cleavage (P450scc) (101,544). P450scc is present in the human (562)
and the rat (162,256,258,280,337,509,539) brain, in which it is widely distributed
(256,258,280,457,509) and has a constant expression across ages (258). In
humans, but not in rats (258,337), a gender difference was observed as women
have higher P450scc mRNA levels than men in the frontal lobe and temporal
cortex (562). This enzyme is expressed by oligodendrocytes, astrocytes
(242,243,255,337,457,562) and neurons (162,256,457,535,539,562), which were
all shown to convert cholesterol into PREG (228,242,243,256,562). As expected

from its function, P450scc is concentrated in mitochondria (242,243,337,539).

1.4.2 3B-hydroxysteroid dehydrogenase

P is formed from PREG by the enzyme 3B-hydroxysteroid dehydrogenase
(3B-HSD) (457,538). This enzyme is also widely distributed in the rat brain
(162,185,258,457) but its mRNA levels seem to decrease with age (258,538).

Neurons (125,162,185,457,535,538,598) as well as glial cells (457,598) express
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3B-HSD and were shown to synthesize P from PREG (29,242,243,538,598) as

well as androstenedione from DHEA (598).

1.4.3 21-hydroxylase

P can be converted into 21-hydroxyprogesterone (deoxycorticosterone,
DOC) by the enzyme 21-hydroxylase (P450c21)(101,509). This enzyme’s
mRNA is found in the rodent cerebellum, hypothalamus and brainstem
(293,509,593) as well as in the human hippocampus (45). Enzymatic activity was
detected in the rat brainstem (232) and cultured cerebellar astrocytes (293), which
actively metabolized P into DOC (232,293). There is no sex difference in the
amount of rat or human P450c21 mRNA (45,232) but it seemed to increase from

childhood to adulthood (45).

1.4.4 5a-reductase and 3o-hydroxysteroid dehydrogenase

In the rat brain, P is mainly metabolized into Sa-DHP and then, to a lesser
extent, into 3a,50-HTP (88,126). The 5a-reductase-catalyzed conversion of P,
DOC and testosterone (T) into 5a-DHP, S5a-pregnan-21-ol-3,20-dione (5a-
DHDOC) and 50-DHT, respectively, is irreversible (88,286,452). Oxidation of
50-DHP into 3a,5a-THP by 3a-hydroxysteroid dehydrogenase (3a-HSD) is

reversible but, although both reactions occur in the brain, the oxidative direction
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predominates (88,90,261). 3a-HSD also converts 5a-DHDOC into Sa-pregnan-

30,21-diol,20-one (30, 5¢-THDOC) (450).

The 5a-reductase (89,266,403) and 3a-HSD (96,403) enzymatic system
appears to be widely distributed in the rat brain (96,266,403). Furthermore, there
is evidence of functional cerebral conversion of T into 5a-DHT (89,266,285) and
then into So-androstan-3a,17B-diol (3a-diol) (89). The rat olfactory bulb,
striatum, hippocampus and frontal cortex were also shown to metabolize P into
50-DHP and 3a,50-THP to varying extent; the greatest enzymatic activity being
observed in the olfactory bulb (95,236). Cultured astrocytes can also synthesize
3a,50-THDOC from P (293). These data indicate a functional 5a-reductase-3o.-

HSD enzymatic system with region-dependent activity.

Although one study reported that 5a-reductase was mainly expressed by
astrocytes (403), others showed that neurons have greater Sa-reductase activity
than glial cells, independent of age (89,333-335). On the other hand, astrocytes
(type 1) have a greater 30-HSD activity than the other types of brain cells
(334,335). In rats (403) and humans (506), no sex differences were observed in
brain Sa-reductase (403) or 3a-HSD mRNA, protein (403) or activity. So-

reductase seems to be located in cellular membranes (90).
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1.4.5 Cytochrome P450 aromatase

Androgens are converted to estrogens by the cytochrome P450 aromatase
(P450aro) (90,101,535). Evidence shows that P450aro is active in the adult rat
brain (549). P450aro expression (456,598) and enzymatic activity (370,598,600)
were found mostly in neurons (370,456,598) but also, to a lesser extent, in
neonatal astrocytes (370,598,600). Although the extensive bfain distribution of
the enzyme is similar between sexes (456,509), female rats seem to have lesser
P450aro mRNA (552) and activity (444,445) than males. No such gender
differences were observed in the human brain (506). P450aro is located in the

endoplasmic reticulum (101,456).

1.4.6 Cytochrome P450 17a-hydroxylase

The enzyme cytochrome P450 17o-hydroxylase (P450c17) is mostly
responsible for converting PREG into DHEA and, to a lesser extent, P into
androstenedione (101). There is no consensus regarding the expression of the
P405c17 in the adult brain as some found that it was only transiently expressed
during development (101) while others found its mRNA expressed during
adulthood (258,509). Astrocytes and neurons isolated from neonatal rat cerebral
cortex and hypothalamus, express functional P450c17 and can produce DHEA
from PREG, with astrocytes the being most active (598,599). P450c17 is located

in the smooth endoplasmic reticulum (101).
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1.4.7 17B-hydroxysteroid dehydrogenase

Five types of 17B-hydroxysteroid dehydrogenases (178-HSD) exist and
they are responsible for the following reversible conversions: testosterone into
androstenedione, androstenediol into DHEA and estrone into 17B-estradiol
(101,269,499). All of these reactions were shown to occur in the human brain
(499). In several regions of the rat brain (402), 17B-HSD is expressed and active
only in astrocytes (402,598). No sex differences were found in rats (402) or

humans (499,506) concemning cerebral 17p-HSD expression or activity.

1.4.8 Hydroxysteroid sulfotransferase and Steroid sulfohydrolase

PREG and DHEA can be sulfated into PS and DHEAS by the enzyme
hydroxysteroid sulfotransferase (HST), while the steroid sulfatase (STS) catalyses
the reverse reaction (101). STS expression and enzymatic activity were found in
several brain regions of the rat (12,101,102) despite apparent decline during
development (426). Active HST was found in hippocampal and cerebellar

neurons (256).
It is clear that the mammalian brain has the enzymes required to
functionally synthesize and metabolize a wide variety of sex steroids.

Furthermore, evidence shows that these enzymes can be co-localized in a cell.
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For instance, astrocytes from neonatal rat cerebral cortex and hypothalamus can
metabolize DHEA into T and then into E, demonstrating the enzymatic activity of

3B-HSD, 17B-HSD and P450aro (599). Glial cultures can also synthesize PREG,

P, 58-DHP and 3a,50-THP from cholesterol (242,243).

These data confirm that the brain efficiently synthesizes and metabolizes
various neurosteroids, including P, 17B-E, T and DHEA, their precursors and
metabolites. They also indicate that the brain does not need to rely on peripheral
synthesis for its hormonal supplies. Furthermore, it would definitely hint at
neurosteroids playing a role in the cerebral functioning beyond the sole control of

the hypothalamic-pituitary-gonadal axis.

1.5 Mechanisms of action of steroids

Ovarian steroids exert a myriad of effects on the central nervous system
through multiple mechanisms of action. In this section, only those that have been

shown to occur in the brain will be described.

1.5.1 Classical genomic mechanism of action

The action of steroids on the genome is well characterized. First, they

enter the cell and bind their specific receptor, a ligand-activated transcription

factor, located in the cytoplasm or nucleus, which then undergoes complex
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conformational changes (31,46,277,292). Chaperone proteins, responsible for
maintaining the receptor in a steroid binding conformation, then dissociate from
the receptor (30,31). This leads to dimerization of the receptor, which can then
bind DNA on a specific sequence (the hormone response element) located in the
promoter region of the target gene (30,31). Finally, with the interaction of other
sequence-specific transcription factors, there is an up- or down-regulation of gene
expression (30,31) leading to a long-term cellular response. While only
one receptor is known for P (PR), two types of active nuclear receptors have so

far been recognized for E: ERa and ERB. It might be important to mention that in

addition to P, both 5a.- and 53-DHP can bind PR and have genomic effects (453).

1.5.1.1 Ovarian steroid receptors in the DRN

ER and PR are present in the mammalian DRN. In the OVX monkey,
both PR and ERP (40,192,194), but not ERa (192,194), were detected in the
DRN. Most 5-HT neurons were shown to express PR (40) and the mRNA for
ERp was detected in both 5-HT non-5-HT neurons (194). Hormonal replacement

(E, P or E + P) does not affect the mRNA or protein expression of ERB (192,194).

In the rat brain, the ERa is highly expressed throughout the brain, while
the B isoform is more restricted to limbic regions (270) and its distribution is
gender-independent (270). The rat DRN expresses very low levels of ERa

(366,481) but higher levels of ERB (366,475) and PR (16). ERo and PR are
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undetectable on 5-HT cells (16,294) and are rather found on adjacent neurons
(16), which are immunoreactive for excitatory amino acids (17). On the other
hand, about 40% of 5-HT neurons express ERp mRNA (294). ERp are mostly
nuclear but are also found in the cytoplasm of a few neurons (294). The
distribution patterns for ERa and PR are similar between genders and so is the
number of cells expressing ERa (16). However, 30% more female DRN cells
expresse PR than male’s (16). E treatment decreases ERa expression and
enhanced PR immunoreactivity in both sexes (16). It does not increase the

number of cells expressing ER but intensifies its mRNA signal (294).

In the mouse DRN, ERa and PR are expressed by 5-HT neurons as well as
by non-5-HT neurons (14), which are immunoreactive for excitatory amino acids
(17). No sex difference was observed in the number of cells expressing PR but
this number is increased following E treatment, in both sexes (14). Interestingly,
this is true for wildtype (WT) as well as for ERaKO mice (14). ERp are found in
the DRN of male WT (375) and ERaKO (375,476,477) mice, and are confined to
the nucleus (375). Gonadectomy or E replacement both failed to modify the
number of cells expressing ERB receptors in either genotype (375). ERp are more

abundant than ERa in the DRN of OVX mice and are not restricted to the nucleus

(349).

In the DRN of OVX guinea pigs, immunoreactivity for ERP is restricted to

the nucleus and ERa. is barely detectable (556). ERp mRNA, but not ERa or PR,
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is expressed by their 5-HT neurons (297). Finally, in the OVX cat, ER are present

in the nucleus, cytoplasm of cell body and dendrites of neurons in the

periaqueductal gray (545).

To summarize, in the DRN of monkeys, rats, mice and guinea pigs, the
expression of ERP seems greater than ERa, which has a very low expression. PR
is also expressed in the DRN of all these species. This strongly suggests that the
expression of ovarian steroid receptors was well preserved during evolution.
What appears to differ, however, is whether or not they are expressed by 5-HT
neurons. Concerning ERP, the information is only available for monkeys and
rats, both of which express this receptor on 5-HT neurons. It could presumably be
expected for other species. ERa, on the other hand, was only detected in mice 5-
HT neurons. PR was found in 5-HT neurons of monkeys and mice, but not rats.
Nevertheless, the cellular machinery necessary for steroid genomic effects to take
place is present in the DRN. Furthermore, even if not directly occurring in 5-HT

neurons, such effects in adjacent cells could lead to their subsequent modulation.

1.5.2 Non-genomic mechanisms of action

Some effects of steroids are too rapid (seconds to minutes) to be mediated

by a genomic mechanism of action (46,137,367,368,529). Moreover, these

effects are insensitive to transcription and translation inhibitors, thus further

supporting independent processes (46,137,367). There is considerable evidence
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indicating that steroids can initiate cellular responses at the neuronal cell

membrane level through a variety of mechanisms of action.

1.5.2.1 Steroid membrane receptors

An increasing amount of data suggests the existence of progesterone and
estrogen membrane receptors (mPR and mER) in the brain (292). An early study,
using synaptic plasma membranes prepared from rat brains, showed specific
binding sites for E, P and T (533). Bovine serum albumin (BSA) conjugated
steroids, such as E-BSA and P-BSA, which cannot diffuse freely through the
plasma membrane, have also been very useful to study putative membrane steroid
binding sites and effects (246). Such studies have shown plasma membrane
binding sites for both E and P in the rat brain (246,390,460,530), as well as a
variety of membrane-mediated responses (47,81,121,157-159,340,363,460). For
instance, 17B-E can enhance the excitability of rodent hippocampal neurons
(81,148,149,183,363,529,575,576) by inhibiting Ca’**-dependent K' channels
(81), via reduced Ca®* influx through voltage-gated Ca®* channels (81).
Furthermore, this effect appears to be initiated at the cell membrane level (81,149)
by a specific ER (575). The steroid-binding membrane receptors can be classified
into three types: classical “nuclear” ER/PR located at the neuronal membrane
level (46,98), new specific membrane receptors which are different from the
nuclear ER/PR (265,420,530,531) and other steroid-binding proteins, such as

enzymes, neurotransmitter receptor, etc. (46).
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a) Membrane receptors identical to nuclear receptors

There is indication that some mERs might be structurally similar, if not
identical, to nuclear ERs (292,390) and be the products of a single gene (431).
This would explain why cells expressing membrane steroid receptors also have
the nuclear counterpart (559). Of the classical ERs, only ERa (and not ERB) has
so far been detected in the plasma membrane of astrocytes (460) as well as
hippocampal (98,346,558) and cultured midbrain neurons (46). Activation of this
membrane receptor in astrocytes, for instance, negatively regulates the glutamate-
aspartate transporter, which results in the inhibition of L-glutamate uptake (460).
It has been postulated that tissue- and cell-specific accessory proteins might also
link this receptor to various intracellular signaling cascades (see section 1.5.2.2)

(46).

b) New specific membrane receptors

Specific mER, which are different from nuclear ER, have also been
reported. For instance, a new mER (ER-X) has been shown to be present in the
neocortex of neonatal WT and ERaKO mice but to be minimally expressed in
adults (531). This receptor has a different molecular weight (62-63 kDa) from
ERa (67 kDa) and ERP (60 kDa) and a greater affinity for 17a-E (531). Binding

of 17B-E or 17a-E to this receptor results in activation of the mitogen-activated
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protein kinase (MAPK) cascade (531) (see section 1.5.2.2). There is also report
of yet another novel transmembrane ER, which is coupled to a G protein (Go)
and can activate an intracellular cascade, which finally results in phosphorylation
and inhibition of inward rectifying K+ channels (420). It is unclear whether these
two novel mER are a variant of the same gene. However, they seem

pharmacologically different since 17a-E seemed unable to activate the second

(420).

Recently, a 40-kDa PR was cloned from sea trout ovaries (597). This
receptor appears to be a membrane receptor, coupled to an inhibitory G protein,
and its mRNA was detected in the sea trout brain (597). A membrane protein of
similar molecular weight (40-50 kDa), and with high affinity for P, had previously
been shown in rat synaptosomal membrane preparations (530). Finally, another
mPR, a 25-kDa protein called 25-Dx, is also expressed in the rat CNS (265,268),
as well as in different brain regions of WT and PR knockout (PRKO) mice, where

it seems to be localized in the membrane of neuronal cell bodies (265).
¢) Other steroid-binding membrane proteins

Steroids may act on a wide variety of proteins located in the cell
membrane such as ion channels, enzymes, transporters, receptors for molecules
other than steroids, etc (559). For instance, in the rat brain, 17B-E and P were

shown to bind and modulate the enzymatic activity of the membrane-bound
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mitochondrial ATP synthase/ATPase (592) and glyceraldehyde-3-phosphate
dehydrogenase (238). A dual binding site for P and E, which is coupled to G
proteins, was also reported in the plasma membrane fraction of OVX female rat
medial preoptic area-anterior hypdthalamus (MPOA-AH) (76). Interestingly, the
G protein coupling to this receptor and subsequent conformational changes appear

to determine its relative affinity for the two steroids (76).

1.5.2.2 G proteins and intracellular second messenger systems

a) G proteins

As mentioned above, there is also accumulating evidence indicating that
estrogen activates G-proteins and intracellular second messenger systems to
rapidly alter synaptic transmission (247,271) and neuronal responses
(248,340,363). 17B-E potentiates kainate-induced currents (183,184,363,364,576)
and depolarizes (575,576) hippocampal neurons without implication of either
ERa or ERP (183,363,576), but rather by involving a G protein-coupled
mechanism (184,363,364). PREG and PS also inhibit hippocampal Ca?* channel
currents via a pertussis toxin (PTX)-sensitive G-protein, through a mechanism
initiated at an extracellular binding site (141). Similarly, in neostriatal neurons,
17B-E activates a G-protein-coupled membrane receptor, which triggers a second
messenger cascade and finally inhibits L-type Ca®" channels (340). Selective

coupling of mERa to Gao;, but not Gayy or Go,s protein was shown in endothelial
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cells (580). Based on the above-mentioned results, a similar coupling could be

expected in neuronal cells but needs to be confirmed.

b) MAPK cascade

17B-E can activate different proteins of the MAPK cascade, including B-
Raf and ERK, by inducing their phosphorylation, probably via a tyrosine kinase
(50,51,482-484). This was observed in rat hippocampal (49,51,309) and thalamic
(50) neurons, where it led to the phosphorylation of the N-methyl-D-aspartate
(NMDA) receptor (49-51), enhanced this receptor function and long-term
potentiation (LTP) (49,51), as well as conferred neuroprotection (49,50). It can
also lead to other effects such as secretion of nonamyloidogenic amyloid f
precursor protein (APP) (309). Interestingly, it seems that 17B-E can activate the

MAPK cascade even in neurons devoid of functional ER (309).

¢) PKA and PKC cascades

Estrogen treatments of OVX rats increase PKC enzymatic activity in the
preoptic area (POA), which activates adenylyl cyclase (AC) and leads to elevation
of cAMP levels (20). Kelly et al. proposed a model in which 17B-E non-
genomically activates PKC in hypothalamic neurons (247,248). Activated PKC,
on one hand, uncouples p-opioid and GABAg receptors from G protein-activated

inwardly rectifying K" channels (GIRK) (247,248). On the other hand, it activates
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PKA, through an AC-mediated increase in cAMP, and PKA also prevents the
coupling of p-opioid receptors to GIRK (247,248). They also observed that 17p-
E potentiates the B;-adrenoceptor mediated inhibition of Ca’-dependent K
channels (248). This led to the suggestion that 17B-E potentiates the response of
Gos-coupled receptors (e.g. PBi-adrenoceptors) (248,364), while inhibiting that of
Gajo-coupled receptors (e.g. p-opioid and GABAp receptors), thus leading, in
both cases, to neuronal excitation (248). All of these estrogenic effects seem
independent of the classical genomic mechanism of action (271,561,595) and
appear to be mediated by a specific receptor (271) on the cell membrane

(248,595).

1.5.2.3 Membrane-initiated genomic effects

Accumulating data has also shown that, in the brain, estrogen has
transcriptional effects, initiated at the membrane level (468,532), which involve
various transduction pathways and result in modulating gene expression
(468,484,532), including those devoid of estrogen response element (ERE) in
their promoter regions (484,532). For instance, 17B-E has been shown to rapidly
and non-genomically increase intracellular cAMP concentrations in neural cells
(561). This increase in cAMP activates PKA (271,561) and is followed by a rapid
phosphorylation of the cAMP response element-binding protein (CREB)
(561,595). In OVX rats, both 17B-E and P can non-genomically induce receptor-

mediated increase in phosphorylated CREB (pCREB) in neurons of different
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brain regions (181,595). pCREB is the activated form of CREB, which can
influence gene expression via cAMP response element (CRE) containing gene
promoters (561). Interestingly, it has been suggested that upregulation of CREB
is associated with antidepressant-like effects whereas its downregulation could be
implicated in the pathophysiology of depression (124). Activation of the
ERK/MAPK pathway by 17B-E can also, in addition to the above-mentioned
effects, lead to modulation of gene transcription (287) since activated ERK can

interact with nuclear transcription factors (532). An ER different from ERa and

ERp has been suggested to trigger this enzymatic cascade (483).

1.5.2.4 Neurotransmitter receptors

In addition to these steroid-binding protein-mediated effects and the
activation of intracellular cascades, steroids can also modulate the function of
neurotransmitter receptors through various mechanisms of action. Nicotinic
acetylcholine, glycine, dopamine and oxytocin receptors are all examples of
receptors, which can be affected by steroids (452). Of greater interest for the
purpose of this work, the modulation by neuroactive steroids of 5-HT,
GABAergic, glutamatergic, noradrenergic and sigma receptors will be discussed

in the following sections.

Taken together, these examples underscore the multiplicity of steroid

mechanisms of action, which can occur concomitantly and interact together (364)
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to produce a variety of effects as well as a combination of rapid and long lasting
cellular responses (463). Rapid non-genomic effects can precede and/or
complement later genomic responses by acting on the same or different effector
protein (463). Modulation of ion channels or neurotransmitter receptor responses,
for instance, can rapidly alter neuronal response and synéptic transmission. The
time frame concerning the triggering of intracellular second messenger cascades
can range from rapid to slow, depending on the resulting cellular responses. Also,
whether it 1s membrane-initiated or occurs via nuclear steroid receptors,
modulation of gene transcription and/or translation, while slower, may lead to
longer lasting effects. Furthermore, these data undeniably demonstrate that

neurosteroids can have important impacts on the modulation of cerebral functions.

1.6 Ovarian steroids and the 5-HT system

Female rats seem to have a greater cerebral 5-HT synthesis
(42,79,80,206,543) than males, especially in the hippocampus (42,206). They
also have higher 5-HIAA/5-HT ratio than males in various regions of the brain
(79), including the DRN (122). This ratio is usually considered as an index of 5-
HT turnover or metabolism (41). Increased synthesis and turnover rate, together,
may suggest a greater potential for rapid 5-HT fluctuation in females. Indeed, the
HIAA/5-HT ratio can be reduced by exposure of females to a stressor such as the
elevated plus maze, whereas that of males is stable (122). This could thus suggest
a more sensitive 5-HT system for females. These gender differences combined

with those observed in humans (section 1.3.6), along with the putative role of
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ovarian steroids in female affective disorders and the implication of the 5-HT
system in the neurobiology of depression, all point to a modulation of this system
by ovarian hormones. In order to characterize it, numerous studies have been

performed on the different steps involved in the 5-HT neurotransmission.

1.6.1 Modulation of tryptophan hydroxylase

Tryptophan hydroxylase (TPH) is the rate-limiting enzyme in the synthesis
of 5-HT and it converts tryptophan into S5-hydroxytryptophan, which is the
precursor to 5-HT (44). In the DRN of ovariectomized (OVX) monkeys
(42,43,401) and guinea pigs (297), but not of rats (15), estrogen (E) has been
shown to increase TPH expression, with no significant additive effect of
progesterone (P) (43,401). One of the functional consequences of this could be an

E-induced elevation of the 5-HT content in the DRN.

1.6.2 Modulation of monoamine oxidase A

Most available data suggest that ovarian hormones negatively modulate
the expression and/or activity of monoamine oxidase A (MAO-A), the enzyme
degrading 5-HT and norepinephrine (NE) (4,387). For instance, E, P or E + P
lowered the MAO-A mRNA levels in the DRN and hypothalamus of OVX
monkeys (193). Both short- and long-term treatments of OVX rats with E or P
alone, but not in combination, also reduced the hypothalamic MAO-A activity

(225,383). In a human neuroblastoma cell line of neural origin (SK-ER3), E
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significantly decreased the activity of MAO-A (299,300). Since MAO-A reduces
5-HT levels, such negative modulation of its expression and/or activity could be

expected to increase the amount of 5-HT available for 5-HT neurotransmission.

1.6.3 Modulation of the 5-HT transporter

The 5-HT transporter (SERT) is responsible for removing extracellular 5-
HT from the synaptic cleft, thus terminating synaptic transmission (4). In the
DRN of OVX monkeys, 4-week E treatments have been shown to decrease SERT
mRNA expression, with little additive effect of P (43,400). In a recent study, the
same group showed that, in the DRN, the density of SERT binding sites was not
affected by either E, P or E + P (296). However, in certain DRN projection areas
(hypothalamus and basal ganglia), these treatments (E, P or E + P) increased
SERT binding sites and functional 5-HT uptake (296). The reduction in SERT
mRNA levels in the DRN and the increase in SERT density in projection areas
may represent greater trafficking of SERT to terminal fields as an adaptive
response to higher levels of 5-HT in the synaptic cleft (296). Indeed, as
mentioned above (section 1.6.1), E increased TPH expression and 5-HT levels in
different brain regions. Moreover, it has been shown that extracellular 5-HT, by
activating the transporter, prevents SERT phosphorylation and subsequent
internalization (427). Conversely, long-term blockade of SERT, by SSRIs, results

in its downregulation (411).
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In vitro, 17B-E has been shown to inhibit 5-HT uptake within minutes of
incubation (92,343). A 7-day treatment with E, starting 2 weeks after
ovariectomy, was found to decrease SERT mRNA levels in the rat midbrain
(594), as well as SERT binding sites in the hippocampus (338). This would be
consistent with a blockade-induced down-regulation, as observed with long-term
SSRI treatments. The discrepancy between the results obtained in rats and in
monkeys concerning SERT binding sites density in projection areas could be due
to species, brain regions or timeframe differences. However, since a reduction in
mRNA levels in the DRN were observed in both species, brain region or

timeframe specificity seem more likely.

Studies investigating shorter timeframes have shown that, a single
injection of E, just after ovariectomy, increased SERT mRNA levels in the rat
DRN (329,330,515) and SERT binding sites in various projection areas (329,515).
Similarly, castration of male rats reduced the levels of SERT mRNA in the DRN
and this effect could be attenuated by administration of T and even more so by
17B-E, but not 5a-DHT (143). These data suggests that this increase is mediated
through aromatization of T into 17B-E (143) and further support an upregulating
effect of short-term 17p-E administration on SERT expression. Interestingly,
female rats seem to have less SERT binding sites than males, at least in the

hippocampus and dentate gyrus (338).
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Taken together, these results regarding the effects of E on SERT
expression and/or activity suggest species and brain region specificity.
Furthermore, they appear sensitive to the timeframe of administration and long-
term effects are likely to result, at least in part, from indirect adaptive changes.
Finally, these data could suggest that ovarian steroids promote 5-HT

neurotransmission rather than reduce it.
1.6.4 Modulation of 5-HT;4 receptors
1.6.4.1 5-HT 4 receptors

As previously mentioned (section 1.3.3) 5-HTa receptors are of particular
importance.  The richest brain region in 5-HTis receptors is the DRN
(91,276,348), where they are mainly located on the soma and dendrites of 5-HT
neurons (276,437,497,550) and regulate the firing activity of these neurons
(116,497). These 5-HT;5 autoreceptors are directly coupled to K" channels
through Gy, proteins (8,66,229,230,276,442). Postsynaptically, they are present
in high densities in the DRN and limbic regions (276,348,479), such as the lateral
septum, entorhinal cortex and hippocampus, which is especially rich in 5-HT5
receptors (91,178,348,437,479). Activation of 5-HTs receptors, pre- or post-
synapticélly, triggers the opening of K’ channels, which hyperpolarizes the
neuronal ~membrane and  decreases the  neuronal firing rate

(4,7,8,83,108,230,497,498). In the case of 5-HT 4 autoreceptors, this functionally
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results in less 5-HT release and neurotransmission in the cell body and projection

areas (83,224,472,473).

Several lines of evidence suggest different properties for pre- and post-
synaptic 5-HT; receptors (60,66,67,116,198,438). For instance, an important
distinction is seen in the adaptive desensitization of the somatodendritic
autoreceptors, which is not present in postsynaptic hippocampal and cortical 5-
HT;a receptors, following their sustained activation either by 5-HT; agonists or
increased 5-HT availability (59-63,93,94,116,198,220,241,276,480). There is
also data suggesting a region specific and time-dependent modulation of
particular types of G protein in response to administration of the SSRI fluoxetine
(289). This could offer a basis for differential functional desensitization of 5-

HT 4 receptors according to brain areas.

1.6.4.2 Modulation of 5-HT; 4 autoreceptors

Bethea and coworkers have shown that E or E + P decreased 5-HT;a
receptor mRNA levels in the DRN of OVX monkeys; E reduced the number of
cells expressing 5-HT;» mRNA, while P reduced the quantity of mRNA per cell
(399). Interestingly, this decrease was associated with a reduction of 5-HT;a
binding sites and G protein activation in the DRN of OVX macaques (295),

indicating functional autoreceptor downregulation.
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In OVX rats, a 3-week treatment with high levels of E and P also
significantly reduced 5-HT 4 autoreceptor mRNA levels in the DRN (54). On the
other hand, a 2-week administration of E alone led to either a trend towards 5-
HT;a receptor downregulation in the midbrain (594) or no effect in the DRN
(275). This could suggest that longer treatments or addition of P would be needed
to lower the 5-HT;, autoreceptor expression in rats. However,
electrophysiological experiments in the DRN of OVX rats showed a
desensitization of the 5-HT;, autoreceptor following 48h of E administration
(272,273). Moreover, ovariectomy seemed to increase the expression and
functional response of this autoreceptor (70). Interestingly, 7 days of E
supplementation reversed this effect (70). Together, these results support a
functional desensitization and/or downregulation effect of E on 5-HTia
autoreceptors. Considering the autoinhibitory role of this receptor on the firing
activity of 5-HT neurons, this estrogenic effect would facilitate 5-HT

neurotransmission.

1.6.4.3 Modulation of postsynaptic 5-HT 4 receptors

a) mRNA levels

In OVX rats, acute E administration reduced 5-HT;, receptor mRNA
levels in various brain regions (e.g. medial amygdala, piriform, perirhinal,
cingulate and motor cortices) (385,386), while longer E treatments did not result

in any expression change in these or other cerebral regions (hypothalamus,
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dentate gyrus, hippocampus, prefrontal and retrosplenial cortices) (275,384,594).
One study, however, did show a reduction of 5-HT;4, mRNA levels in the dentate
gyrus and dorsal hippocampus (CA2 region) following 3 weeks of E
administration, as well as an increase in mRNA levels in the CA1 region of the
hippocampus when P was added to this treatment (54). In spayed monkeys, two
weeks of E or E + P administration does not modify the hypothalamic 5-HT;a
receptor mRNA levels (195). Therefore, in general, short-term, but not long-term,
administration of E and P appears to modulate the mRNA expression of

postsynaptic 5-HTa receptors.
b) Binding sites

Four-week treatments with E or E + P, but not P alone, reduced
hypothalamic 5-HT;s binding sites in OVX monkeys (295). Acute
administrations of E or E + P do not seem to affect 5-HT; 5 receptor binding sites
in any of the rat brain regions investigated (hippocampus, hypothalamus, preoptic
area, medial amygdala, piriform and perirhinal cortices) (150,233,385). Four days
of E also seemed insufficient to alter the number of hippocampal 5-HT4 binding
sites (100). However, a 2-week E treatment reduced this number in the amygdala,
perirhinal and motor cortices (384), but not piriform, retrosplenial, prefrontal or
cingulate cortex (275,384). Concerning the hippocampus, one study found no
effect (275) while another one showed a reduction (384) in 5-HT;4 binding sites

after 2 weeks of E. This discrepancy could be due to the use of different 5-HT 5
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receptor ligands (’H]8-OH-DPAT and [’H]MPPF (275) as opposed to

[PHIWAY100635 (384)).

These studies clearly indicate that the E-induced dowregulation of 5-HT 4
receptor binding sites is region-specific. Furthermore, the timeframe difference
between the rapid effect on mRNA levels and the later reduction in binding sites,
strongly suggest a genomic mechanism of action. E probably inhibits the 5-HT
receptor gene expression at a transcriptional level, which then translates into
fewer 5-HT)a receptors being expressed at the cell membrane. The relatively
slow (days) turnover of 5-HT;, receptors was suggested to account for this long
time frame difference between the fast decrease in mRNA levels (hours) and later

reduction (more than 4 days) in binding sites (384).

¢) Functional studies

Two days of E replacement, in OVX rats, decreased the neuroendocrine
response to 8-OH-DPAT, as well as hypothalamic levels of G,, Gi1 and G;3 (but
not Gj;) proteins, suggesting that the E-induced desensitization of 5-HTia
receptors could be due to a lower number of G proteins (422). This hypothesis
was only partly supported by other studies, which found blunted neuroendocrine
(423) and behavioral (233,234,320,455) responses to 8-OH-DPAT but no change
in G, protein levels (423) or in coupling of the receptor to G proteins (233)
following longer E treatments (4 and 14 days). Another group also showed that a

single E injection, but not a 14-day treatment, decreased the 5-HT;a receptor-
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mediated activation of G proteins in the hippocampus, cortex and amygdala of
OVX rats (350). However, this was not supported by other studies showing an
enhancement of the 5-HT)s-mediated response to 5-HT in the hippocampus of
OVX rats after a few (3-6) days of E replacement (32,99,100). Although these
data indicate a functional modulation of 5-HT;a receptors by E, the exact nature
of this effect remains unclear. Again, timeframe of administration, cerebral
region specificity as well as the type of G proteins, which are coupled to the

receptor, might account for these apparent discrepancies.

Mize and coworkers have shown that activation of ER in vitro, in
membranes prepared from the hippocampus and frontal cortex, resulted in rapid
reduction of 5-HT;s receptor function without altering the affinity of the G
protein Gau subunit for GTP, as assessed by agonist-independent [*°S]-GTP-y-S
binding (352). They also showed that 17B-E, through increased PKA and PKC
activities, non-genomicaly induced the phosphorylation of 5-HT4 receptors and

their consequential uncoupling (351).

It thus appears from these studies that the downregulation of 5-HTia
receptors by E is paralleled by a reduced functional response and that genomic
and non-genomic mechanisms of action are involved. In contrast to its beneficial
presynaptic effect, this reduction of postsynaptic 5-HT4 receptors expression and
function by E would suggest lesser 5-HT neurotransmission. It is also possible

that the reduction in postsynaptic sites arises as a homeostatic consequence of the
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enhanced 5-HT neurotransmission. The net result on neurotransmission would

nevertheless depend on the balance of these two effects.

1.6.5 Modulation of other 5-HT receptors

1.6.5.1 5-HT,p/p receptors

5-HTipnip receptors are important in the mediation of 5-HT
neurotransmission since they exert autoinhibitory control on the release of 5-HT
in the synaptic cleft (63). Interestingly, these receptors also desensitize within
two to three weeks of treatment with SSRIs, thus leading to greater 5-HT release
and 5-HT neurotransmission (63). Unfortunately, little data is available on the
effect of ovarian steroids on these receptors. One study showed region-selective
E- and P-induced elevation of 5-HT;p receptor binding sites in the ventromedial
hypothalamic nucleus, but not in other regions of the hypothalamus, preoptic area
or hippocampus in OVX rats (150). Such upregulation of 5-HT1p/1p receptors
would expectedly reduce 5-HT release and neurotransmission in this area.
Nevertheless, more studies would be needed to clearly establish the hormonal

modulation of 5-HTp/1p receptor expression and function.

1.6.5.2 5-HT>;a receptors

5-HT,a receptors are widely distributed in the rat brain with varying

expression intensity, the highest being in the hippocampus (106). In the DRN,
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they are not present on cell bodies but only on very few dendrites, which express
low levels of 5-HT24 receptors (106). Their activation is mainly inhibitory for 5-
HT neurons as it reduces their neuronal firing activity (169,314) as well as the
extracellular 5-HT levels in the DRN (169) and projecting area (314). However,
this effect does not appear to be direct (169), which is consistent with the very
low expression of 5-HT,4 receptors by 5-HT neurons. Rather, DRN 5-HT5a
receptors might be part of a local feedback loop and activate GABAergic

interneurons, thus leading to 5-HT neuronal inhibition (290).

In the OVX monkey hypothalamus, a four-week administration of E
decreased 5-HT,c, but not 5-HTza, receptor mRNA expression (195). On the
other hand, in OVX rats, a single dose of E was shown to increase 5-HTa
receptor mRNA levels as well as receptor density in the DRN and various
projection areas (e.g. hippocampus, hypothalamus, nucleus accumbens, caudate-
putamen, olfactory tubercle and cerebral cortex) (142,386,511-513,515). This
effect could be blocked by the ER antagonist tamoxifen, which had otherwise no
effect (515). Furthermore, the E surge occurring during proestrus was sufficient
to increase forebrain 5-HT,;a binding sites as compared to diestrus females or
males (514). This rapid upregulation in the DRN, striatum and frontal cortex

could also be observed after longer (two weeks) treatments (109).

The elevation of 5-HT,s receptor binding site being paralleled by
increased mRNA levels, a genomic mechanism of action might be involved in this

estrogenic effect. However, it might be noteworthy that throughout the brain, 5-
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HT;4 receptors were found in the cytoplasm of neurons (dendrites and cell body)
rather than in the plasma membrane, suggesting that they are normally
internalized (106). Therefore, the E-mediated increase in binding sites may also
represent a translocation of receptors from the cytoplasm to the cell membrane.
As stated above, 5-HT;s receptors inhibit the activity of 5-HT neurons.
Therefore, greater expression in the DRN could be expected to reduce 5-HT
neurotransmission. Conversely, a similar upregulation in postsynaptic regions
would probably increase it. For instance, activation of 5-HT»a receptors in the
medial prefrontal cortex (mPFC) increased 5-HT release, probably by stimulating
the release of glutamate, which can then activate AMPA/kainate receptors located
on 5-HT terminals (314). These postsynaptic effects might then be enough to
compensate for the inhibitory presynaptic effect, especially since there seems to
be higher densities of 5-HT»a receptors postsynaptically. Again, the balance
between these two opposite influences would determine the net effect on 5-HT

neurotransmission.

Castration of male rats decreased 5-HT,5 receptor mRNA levels in the
DRN and a single injection of T or 17B-E, but not 5a-DHT, reversed this effect
(143,511). The same was observed for 5-HT4 receptor binding sites in different
brain regions (piriform, frontal and cingulate cortex, olfactory tubercle and

nucleus accumbens) (143,511). Again, this suggests that the effect of T is
mediated through its aromatization into 17B-E (143), thus supporting an

upregulating effect of E on 5-HT»a receptors, irrespective of gender. In juvenile
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rats, castration also induced a T-reversible reduction in 5-HT,4 mRNA levels in
the hypothalamus but not in the hippocampus, thalamus, cortex, amygdala or

DRN (591), which could suggest an influence of age.

Indeed, a PET study on humans has shown that age reduces 5-HT,
receptor binding potential (342). Furthermore, PET studies supported what was
observed in animals; several weeks of E and P administration increased 5-HT,,
binding potential in various cerebral cortical areas of postmenopausal women
(361,362). Also, one PET study suggested reduced cortical 5-HT, binding
potential in depressed patients as compared to healthy controls (583). It would be
interesting to see if E treatment could prevent the age- and depression-related
reduction in 5-HT,a) receptor expression and whether it would be associated with

mood improvement.

1.6.5.3 5-HT}; receptors

5-HT5 receptors are excitatory ligand-gated cation (mainly Na* and K*)
channels (569,579). 17B-E and P, but not 3a,5a-THP, act as non-competitive
antagonists of 5-HT3 receptors, possibly through allosteric interaction at the
extracellular receptor-membrane interface (451,569,579). 17BE appears to be

more potent than P in inhibiting 5-HT; receptor-mediated influx currents (27).
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The putative effect of ovarian hormones on the 5-HT neurotransmission
through their modulation of 5-HT; receptors is not clear. Since 17B3-E and P are
antagonists at 5-HT3 receptors, one would probably expect them to reduce this
neurotransmission. However, there is evidence that it could actually be the
opposite. First, no 5-HT3 antagonist has so far been shown to have any effect on
the firing activity of DRN 5-HT neurons in vivo or in vitro (5), suggesting that
they are not normally tonically activated (196). On the other hand, the 5-HT;
agonist 2-Me-5-HT inhibits the firing activity of DRN 5-HT neurons when
applied locally in vivo and in vitro, probably through indirect activation of 5-HT;a
autoreceptors (5,196). In the DRN, 5-HT; receptors appear to be
extrasynaptically located (23) and their activation stimulates 5-HT release in the
somatodendritic area (23). This greater extracellular 5-HT would likely activate
5-HT;a receptors, which inhibit the firing activity of 5-HT neurons (23). This
would explain the reduction in firing activity observed with 2-Me-5-HT.
Systemic or local administration of 2-Me-5-HT in projection areas was also
inhibitory on the firing activity of cortical and hippocampal neurons, thus
suggesting the implication of inhibitory GABAergic interneurons (196). This is
supported by the in vitro observation that superfusion with 2-Me-5-HT stimulated
5-HT release from frontal cortical, hippocampal and hypothalamic slices (58).
Together these results suggest that even if excitatory, the 5-HT; receptors’
influence is mostly inhibitory. Their blockade by ovarian hormones would

therefore likely result in a positive net influence on 5-HT neurotransmission.
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Taken together these data point to a beneficial effect for estrogen on 5-HT
neurotransmission. It possibly increases the 5-HT pool by increasing the
expression and/or activity of the synthesis enzyme TPH, while decreasing that of
the degrading enzyme MAO-A. Of critical importance, E also appears to
modulate functional desensitization and/or downregulation of the inhibitory 5-
HT)4 autoreceptors. Moreover, E and P, as 5-HT; antagonists, might also prevent
a potential 5-HT3-mediated inhibition of 5-HT neurotransmission. The estrogenic
modulation of SERT is less straightforward and may include species and cerebral
region specificities. Nevertheless, a beneficial effect of ovarian steroids could
still be speculated. The hormonal influence on 5-HT transmission through
modulation of postsynaptic 5-HTs and 5-HT,, receptors is, however, not as
clearly beneficial. Concerning postsynaptic 5-HT;4 receptors, E and P seem to
induce a rapid region-specific downregulation of mRNA levels, which is later
followed by a decrease in binding sites and is also translated in reduced functional
response. Different mechanisms of action, including genomic and non-genomic,
appear to be involved. The E-induced greater expression of 5-HT;4 receptors in
the DRN could reduce 5-HT neurotransmission, while in projecting areas it could
have the opposite effect. In the end, the net result on 5-HT neurotransmission
would depend on the balance of all these effects as well as on the cerebral region
and the species investigated. Nevertheless, there is undisputable evidence of an
ovarian hormonal modulation of several enzymes and receptors participating in 5-

HT neurotransmission.
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1.7- Effect of steroids on different 5-HT afferent systems

There are extensive projections to the DRN from various regions of the
brain (407) and different afferent systems modulate the activity of 5-HT neurons.
The best characterized heterologous modulatory systems of 5-HT neurons, if not
the most important, are probably the GABAergic tonic inhibition and the

glutamatergic and noradrenergic excitation.

1.7.1 GABA

1.7.1.1 GABA receptors

GABAGg receptors are metabotropic receptors, which are coupled, via a G-
protein, to inward rectifying K* channels (3,229,230), while GABA4 receptors are
chloride ion channel complexes (302). Activation of either type of receptors leads
to hyperpolarization of the neuron and reduces its firing activity (230,302). The
GABA, receptor complex has a pentameric structure (331), which can be
composed of various subunits: al-a6, B1-f3, y1-y3, 8, € and = (274,331). The
specific combination of subunits determines the pharmacological properties of the

receptor (274) and varies greatly across cerebral regions (331).
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1.7.1.2 GABAergic tonic inhibition of DRN 5-HT neurons

In the DRN, there is reciprocal inhibition between GABAergic and 5-HT
neurons (22). Of interest here, is the well-characterized GABAergic tonic
inhibition of DRN 5-HT neurons (3,524). Numerous GABAergic terminals make
direct synaptic contact with S5-HT neuronal dendrites and cell bodies
(167,212,554). These afferents originate from various brain regions (174),
including local GABAergic interneurons (174,290,548,555). Both GABA, and
GABAg receptors could mediate this inhibition, as they are both expressed by 5-

HT neurons (2,167,471).

Local infusions of GABA or a GABA4 receptor agonist (muscimol) in the
DRN reduce the firing activity of 5-HT neurons (164,165,174,547) as well as the
release of 5-HT locally (371,524,526) and in projection areas (e.g. nucleus
accumbens, striatum, olfactory tubercle, substantia nigra and medial prefrontal
cortex) (371,462,526). Conversely, application of GABA, receptor antagonists
(bicuculline, picrotoxin or GABAzine) in the rat DRN enhances all of these
parameters (174,245,523,524,526), indicating that 5-HT neurons are under tonic
GABA, receptor-mediated inhibition. Activation of DRN GABAg receptors also
inhibits 5-HT release (in both the DRN and nucleus accumbens) but to a lesser
extent than that of GABA4 receptors (526). Furthermore, the GABAg receptor
antagonist phacolofen had no effect on 5-HT release, arguing against tonic
activation of this receptor (2). Finally, blockade of GABAA receptors (with

bicuculline or picrotoxin), but not of GABAg receptors (with pertussis toxin), can
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efficiently prevent the inhibitory effect of locally applied GABA on 5-HT neurons
(229). These data indicate that the GABAergic tonic inhibitory modulation of

DRN 5-HT neurons is mainly mediated by GABA, receptors (229).
1.7.1.3 Effects of neuroactive steroids on GABA4 receptors
a) Neuroactive steroid modulation of GABA 4 receptors

At physiological (nM) concentrations, the following neuroactive steroids
are positive allosteric modulators of GABA, receptors: 3o,5a-THP, 3a,53-THP,
30,5a-THDOC, 3a,5B-THDOC, androsterone and ganaxolone (a synthetic analog
of 3o,5a-THP) (77,82,171,213,215,305,319,359,360,405,418,419,436,536,571).
The structural requirement for this modulation appears to be reduction of the A-
ring in the 5a or 5B conformation, along with a hydroxyl group at position C3 in
the o configuration (171,172,215,359). 3a,5a-THP, 3a,5a-THDOC and
ganaxolone behave like barbiturates in displacing the binding of #-
butylbicyclophosphorothionate (TBPS) from the chloride channels and in
potentiating GABA-induced chloride currents as well as the binding and potency
of muscimol and benzodiazepines to GABAA receptors
(82,172,215,305,359,405,536). However, they seem to act via a different binding
site from that of barbiturates or benzodiazepines (302,405,418,536). Furthermore,
at high concentrations (mM), 3a,5a-THP, 3a,,53-THP and 3a,5a-THDOC were

shown to act as proper GABA, receptor agonists in the absence of GABA
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(33,259,418,571). Consistent with these effects, 3a,50-THP and ganaxolone
have been shown to have anxiolytic (55,74) and anticonvulsant properties

(111,259,433).

P, PREG, 5a- and 5B-DHP, DOC, 5a- and 5p-DHDOC, 3pB,5a- and
3B,5B-THP, 17B-E and androstenedione, on the other hand, lack a 3a-hydroxy
group within the A-ring and do not modulate GABA, receptors
(77,155,172,215,306,405,419,453). However, as mentioned in section 1.4, they
can be converted to 3a,5a- and 3a,58-THP, and 30,50~ and 3a,5B-THDOC,

respectively, and thus modulate GABA4 receptors.

Sulfated steroids such as PS, 3o,5B-THP sulfate, 3a,5a-THP sulfate,
3B,5a-THP sulfate, 3B,5B-THP sulfate and DHEAS are GABA, receptor
antagonists (11,119,127,303,306,307,332,344,391,474). DHEA can also,
although less potently than DHEAS, inhibit the response to GABA (119) and
binding of benzodiazepine, muscimol and TBPS (249). Because positive and
negative modulators act on distinct sites on GABA, receptors, these receptors can
be simultaneously potentiated and inhibited (391). It is thus clear that a slight
shift in the equilibrium of the steroid metabolic pathway could result in an
important difference in GABAergic modulation of a neuronal system, which

could in turn significantly affect its activity.
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b) Steroid-induced plasticity of GABA, receptors

Hormonal exposure and/or fluctuation can induce functional plasticity of
GABA, receptors. For instance, chronic treatment of cultured neurons with
3a,50-THP or 30,5B-THP was shown to time- and dose-dependently reduce the
efficacy of GABA-mediated responses to GABA, neuroactive steroids,
barbiturates and benzodiazepines, probably due to heterologous uncoupling
between the GABA site, the modulatory sites and the chloride channel (155,588-
590). Furthermore, during pregnancy or P administration, there is a region-
dependent alteration in GABA4 binding potential (78,568), affinity (304) and/or
response (103), which is probably due to higher levels of 3a,5a-THP and 3o,5a-
THDOC (304). The effect of estradiol exposure on these parameters appears to
depend on the endogenous hormonal levels since it increased [*H]muscimol
binding in various brain regions (hypothalamus, cortex, olfactory bulb and
striatum) in OVX rats (279,404) but reduced it in intact females (210). Hormonal
withdrawal, such as occurring following parturition or ovariectomy, is also
associated with region-dependent changes in affinity (244,304), stimulated

chloride currents (103) and receptor density (244,304).

As mentioned above, the GABA,4 receptor’s pharmacological properties
are greatly influenced by its subunit composition (33), suggesting that these
hormonally induced changes in GABA, response could be brought about through
alteration of subunit expression. Indeed, there is a large body of evidence

indicating that P exposure (or pregnancy) modulates the GABA, receptor subunit
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expression in a region- and neuron-specific manner
(103,139,140,145,147,319,565), probably via metabolism into 3o,50-THP
(103,147). Accordingly, 3a,5a-THP has also been shown to induce such changes
(139,147,565,587). Furthermore, these changes were associated with consistent
modifications of GABA, receptor’s pharmacological properties (103,145,147).
There are less studies assessing the effect of E on GABA4 receptor plasticity but
it also appears similarly region- and subunit-specific (221,565). Interestingly,
fluctuations of E levels across the estrous cycle were shown to be sufficient to

induce plasticity of y subunits (97).

Abrupt fall in P and/or 3a,5a-THP cerebral levels is also associated with
region-specific dynamic changes in GABA, receptor subunits (146,147,319) and
pharmological properties (145,147). The same was shown for the synthetic
steroid ganaxolone (319). Smith and co-workers did a series of studies showing
that initial exposure to P, as well as withdrawal from it, lead to upregulation of the
o4 subunit of the GABA, receptors in the hippocampus (188,486-488). This was
associated with important loss of sensitivity to benzodiazepines (BDZ)
(107,188,227,356,486,487) and 3a,50-THP (486-488), and increased response to
barbiturates (107,486). Furthermore, they showed that it was, in fact, exposure to
3a,50-THP that induced this GABA,4 receptor plasticity and cross-tolerance to
both BDZ and 3o,50-THP (107,188,486,488). However, since 3o,53-THP had
the same effect (189), it could also be involved, as it is also a metabolite of P.

These receptor changes also had measurable consequences on rat behavior, as
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shown by increased anxiety, loss of BDZ anxiolytic properties
(166,188,189,356,487,488) and greater seizure susceptibility (357,433). These
data indicate that this neuroactive steroid can induce transient GABA4 receptor
plasticity after both short-term and termination of chronic exposure, and that it is
behavior relevant (188). In the hippocampus, there was no sex difference in this
3a,50-THP-induced GABA4 receptor plasticity (189) but in the amygdala it was

observed in females only (190).

¢) Subunits required for neuroactive steroid modulation

As already mentioned, the differential assembly of various subunits gives
rise to multiple GABA, receptors having different sensitivity to neurosteroid
modulation (33). GABA, receptors containing the 8 subunit appear to be the
most sensitive to positive modulation by THDOC, especially when in
combination with the ol subunit (52,571). Cerebral regions expressing GABAA
receptors containing these two subunits might thus be especially sensitive to
neurosteroid modulation (52). Furthermore, in & subunit knockout (6 KO) mice,
GABA, receptor-mediated currents are less responsive to THDOC (551) or the
synthetic steroid alphaxolone (496). Alphaxolone and ganaxolone also have
greatly reduced anxiolytic effects in 6 KO mice (345). Interestingly, in these
mice, there was also greater sensitivity to PS, thus reducing the total amplitude of
GABA\ receptor-mediated current (413). Only one study showed that & subunit

greatly reduces sensitivity to neurosteroids (THDOC, 3a,50-THP and PS) (596).

58



Concerning other subunits, GABA, receptors containing ol or a3 seem more
responsive to modulation by 3a,50-THP than the a6-containing ones, while those
expressing 0.2, o4 or o5 are about 10 times less sensitive than those expressing
al (33). Different y subunits influence the responsiveness to 3o,5a-THP (y2
conferring greatest sensitivity, followed by y3 and then y1), while 31-3 subunits

do not appear to affect it (33).

Recent studies have shown that phosphorylation also determines the
GABA, receptor’s response to neurosteroids (213). Interestingly, stimulating
PKC activity restored normal sensitivity to THDOC in cerebellar granule neurons
from & KO mice (551). However, phosphorylation can lead to both greater and
lesser sensitivity depending on the brain region, type of neurons, receptor
composition and which amino acid residues are phosphorylated (213). For
instance, in neurons of the cortex (213) and supraoptic nucleus (260), PKC-
mediated phosphorylation reduces sensitivity of GABA, receptors to 3a,5a-THP
(213,260). Conversely, in hypothalamic magnocellular neurons, inhibition of G
protein and PKC prevents 3a,50-THP-mediated potentiation of the GABAa
receptor response (138). In CAl hippocampal pyramidal cells and dentate
granule neurons, PKA- or PKC-mediated phosphorylation also enhances

sensitivity to neurosteroids, while its inhibition prevents it (213).

In the rat DRN, the most importantly expressed subunits are al, B2, y2, y3

and 8, followed by, in order, a2 and B1, a3, and finally by a5 and B3 (412). The
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expression of 04 and y1 subunits is minimal if even present (412). An older study
revealed a different pattern of expression: moderate expression of al, a3, 32,3
and y2, low expression of a2, while o5 and  were not detected (156). Despite
contradictory results concerning the expression of the & subunit, both these
patterné of expression would suggest the DRN to be sensitive to neurosteroid
modulation. Furthermore, most of the rat DRN 5-HT neurons express GABA,
receptor o3 subunits on their dendrites and cell bodies (167), while only a
minority expresses the ol subunit (167). The latter is rather expressed by
GABAergic neurons, along with a3 subunits (167). These observations represent
other potential mechanisms of action for neurosteroid modulation of 5-HT

neurons.

It is clear from these findings that GABAA receptors mediate the
GABAergic inhibition of 5-HT neurons and that they can, themselves, be
modulated by several neurosteroids.  Steroid-induced alterations of this
GABAergic inhibition of 5-HT neurons would therefore be likely and might
modulate their firing activity. Since many steroids can modulate the GABAA
receptor response and since this modulation can be brought about by various
mechanisms of action it would be difficult to speculate on the net impact this
modulation would have on the activity of 5-HT neurons. However, it can be
extrapolated from these studies that physiological hormonal fluctuations, such as
occurring during the estrous cycle or pregnancy, would be sufficient to modulate

5-HT neuronal activity through altered GABAergic inhibition.
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1.7.2 Glutamate

1.7.2.1 Glutamatergic excitatory modulation of DRN 5-HT neurons

The DRN receives glutamatergic afferents from various brain regions
(4,240,281,282). This input on 5-HT neurons positively modulates their firing
activity (4,240). Early studies showed that iontophoretic applications of
glutamate in the DRN elevate the firing activity of 5-HT neurons (25,547). Later,
studies using microdialysis showed that this increase in firing activity is mediated
by local AMPA/kainate and NMDA receptors and that it also results in increased
extracellular 5-HT in the DRN and projection area (nucleus accumbens)
(524,525,527,528). Antagonism of these receptors had little or no effect of its
own (200,524,525,528), thus suggesting that they mediate only a weak tonic
excitation of 5-HT neurons (524,525,528). On the other hand, NMDA and
AMPA/kainate receptors have been shown to mediate non-tonic stimulation of 5-

HT neuronal activity and release (87,522).

1.7.2.2 Effects of neuroactive steroids on glutamatergic receptors

a) Sulfated steroids

Various sulfated steroids modulate the activity of glutamatergic receptors.

For instance, PS rapidly potentiates the NMDA receptor response
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(1,71,86,231,393,578) by increasing the frequency and duration of channel
openings (71). It is physiologically relevant since, for instance, this effect
protects mice against NMDA antagonist-induced learning deficits and motor
impairment (321). NMDA receptors are composed of an obligatory NR1 subunit
and modulatory NR2 subunits, which influence the receptor’s pharmacological
properties and its modulation by neurosteroids (292). The NR2 receptor subunit
is particularly important in determining the effect of PS on the NMDA response; a
potentiation is observed with receptors expressing the NR2A or NR2B subunit
(86,308), whereas an inhibition was shown for the NR2C- or NR2D-containing

receptors (308).

Other sulfated steroids, such as DHEAS, have been shown to potentiate
the NMDA receptor response but to a lesser extent than PS (71,392). PS also
seems to dose-dependently and non-competitively inhibit the AMPA/kainate
receptor (71,578,581). Conversely, some sulfated steroids such as 3p,5p-THP
sulfate (231,393,581), 3c,5p-THP sulfate (1,231,308,392,563,581) and 3a,5a-
THP sulfate (1) inhibit NMDA receptors. This inhibition was shown to be
protective against glutamate- and NMDA-induced cell death as well as against
NMDA-induced seizure (563). These antagonistic sulfated steroids and PS seem
to act at different sites on the NMDA receptor, since no competitive interaction

was observed between them (393).
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b) 17B-estradiol and Progesterone

The effect of 17B-E on NMDA and AMPA receptor expression is region
specific (110,112). For instance, in OVX rats, a two-week administration of 178-
E increased the NMDA receptor density in the hippocampal CAl area and the
dentate gyrus, decreased it in the frontal cortex and the dorsal striatum, and
caused no change in the CA2/3 hippocampal regions, the nucleus accumbens or
the hypothalamus (72,110). The hippocampal increase in NMDA receptors was
already visible after two days of 17B-E administration, (170,564,577) and was
associated with enhanced dendritic spine and synapse densities as well as greater
functional NMDA receptor-mediated synaptic input (577). P had little or no
additional effect (170,182,564). Interestingly, a functional estrogen responsive
element (ERE) was found in the regulatory region of the gene coding for the
NR2D subunit (557), thus offering a mechanism by which 178-E can modulate
the expression of NMDA receptors (557) and/or influence its pharmacological
properties. Concerning estrogenic effects on AMPA receptor expression, 173-E
was shown to decrease AMPA binding sites in the frontal cortex, striatum and
nucleus accumbens of OVX rats (110) without affecting them in the hippocampus

(110,564,577).

The rat DRN expresses high levels of NMDA receptors (374,461) as well
as mRNA for different subunits of non-NMDA glutamate receptor (GluR1-4)

(459). A hormonal modulation of their expression, which could in turn affect the
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activity of 5-HT neurons, is possible. However, there is no data available yet

concerning the effect of ovarian steroids on glutamatergic receptors in the DRN.

Smith and colleagues, using cerebellar Purkinje neurons from OVX rats,
have shown that local (490) and systemic (491) administrations of 17B-E, but not
of 17a-E (490), rapidly and dose-dependently potentiate the excitatory response
to iontophoretic applications of glutamate (490,491), quisqualate and NMDA
(485). P (489,492), 50-DHP and 3a,5a-THP (493) had the opposite effect and
reduced the excitatory response to local applications of glutamate (489,492).
3B,50-THP was without effect in this paradigm (493). Neither the ER antagonist
tamoxifen nor a protein synthesis inhibitor (492) prevented these effects, thus
suggesting a non-genomic mechanism of action (491,492). Furthermore, these
17B-E- and P-induced effects were additive, indicating that they are independent
(492). Interestingly, in freely cycling females, 173-E potentiated the excitatory
response to glutamate during proestrus but not diestrus, i.e. when there are

relatively high levels of 17B-E as compared to P (490).

As mentioned above, the glutamatergic excitation of 5-HT neurons does
not seem tonic. Therefore, even if steroids. induced a similar enhancement of the
response of glutamatergic receptors expressed on 5-HT neurons, only a phasic
effect on the firing activity would be expected. However, PS and DHEAS were

shown to increase glutamate release from cultured hippocampal neurons (341).
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Therefore, if these steroids similarly triggered glutamate release in the DRN, this

might enhance the basal firing activity of 5-HT neurons.

1.7.3 Norepinephrine

1.7.3.1 Tonic noradrenergic excitatory input on DRN 5-HT neurons

The noradrenergic (NE) and 5-HT systems exert a complex reciprocal
modulation of each other (647, 875, 929, 1385). Of particular relevance for this
thesis, is the excitation of DRN 5-HT neurons by NE (534). Anatomically, the
DRN is extensively innervated by NE terminals, which make direct synaptic
contact with 5-HT neurons (26,406). These NE terminals seem to originate
mainly from the locus coeruleus (LC) (417). o autoreceptors, located on the cell
body (446) and nerve terminals of NE neurons, exert a negative control on the
firing activity of these neurons (875) and on NE release in the synaptic cleft
(69,197). Activation of a,-adrenoceptors inhibits 5-HT neuronal firing activity
(521) and 5-HT release in the DRN and projection areas (69,416,417), whereas
antagonism of these receptors elevates all of these parameters (168,330).
Chemical lesion of the NE system using 6-OHDA leads to a 70-80% reduction in
DRN NE content (454), as well as a transiently lower firing activity of 5-HT
neurons firing activity, which then recovers within a week (521). In vitro DRN

5-HT neurons, devoid of afferents, also have a lower spontaneous activity and can
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be stimulated by NE (546). Together these data support a non-obligatory NE

excitation of DRN 5-HT neurons.

This tonic NE positive modulation appears to be mediated by oy-
adrenergic receptors located on the 5-HT neurons (6,69,318). Indeed, systemic or
local application of o adrenoceptor antagonists in the DRN decreases the 5-HT
neuronal firing rate (24,25,318), as well as 5-HT release in the DRN (69,447) and
projection areas (e.g. hippocampus, striatum and prefrontal cortex) (416,447), an
effect which could be reversed by NE or an o,-adrenergic agonist (24,25,318).
Application of NE or an o;-adrenergic agonist in the DRN increases 5-HT release
in the prefrontal cortex (416) but has little effect on the extracellular 5-HT in the
DRN (69,416). This could suggest that this a;-adrenergic receptor-mediated tonic
activation is maximal (69,264,416,417,521) or that this excitatory effect is
counter-balanced by the inhibitory effect of NE on terminal o,-adrenoceptor
(4,417). However, inhibition of a,-adrenoceptors results in an increase in firing
frequency of DNR 5-HT neurons (197), thus arguing against a saturated tonic

activation.

1.7.3.2 Effects of ovarian steroids on noradrenergic neurotransmission

There is some evidence of a steroid modulation of the NE system. For
instance, 17B-E was shown to increase the mRNA levels of two enzymes

implicated in NE synthesis (tyrosine hydroxylase and dopamine B-hydroxylase) in
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the LC of OVX rats and monkeys (396,470). This effect was associated with
greater release of NE in the monkey hypothalamus (396). A 2-day 17B-E
treatment of OVX rats was shown to uncouple the hypothalamic terminal o,
autoreceptor from its effector G protein, which reduces its function and also leads
to greater NE release (135,136). Furthermore, 17B-E appears to selectively and
competitively inhibit NE uptake in rat hypothalamic and cortical synaptosomes
(175), suggesting that, in vivo, it might inhibit NE reuptake and thus increase its
extracellular levels. Finally, two days of 17B-E administration increased o;-
adrenergic expression and functional activation in the hypothalamus and preoptic
area of OVX rats (134,135). Taken together, these data suggest facilitation of the
NE neurotransmission by 17B-E. It is unclear whether this is the case in the DRN

but, if so, it would likely result in enhanced NE tonic activation of 5-HT neurons.

The data presented here demonstrate that steroids can modulate the
function of different neurotransmitter systems through different mechanisms of
action, ranging from activation of ionotropic receptors to modulation of gene
expression. The systems presented here are all afferents of DRN 5-HT neurons.
Therefore, in addition to direct modulation of the 5-HT system, steroids probably
also impact on it indirectly through actions on these systems. The GABAergic
inhibition has been suggested to be the most important tonic influence on DRN 5-

HT neurons (523,524,528) and might thus play a particular role.
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1.8 Steroids and sigma receptors

1.8.1 Sigma receptors

The existence of sigma (o) receptors was first reported in 1976 (313) and
so far, there are two generally accepted subtypes of & receptors: o; and o, (421).
In 1996, the sigma, (o) receptor was cloned (211).  To this day, however, the
endogenous ligand(s) remains to be identified (117). The amino acid sequence
and the deduced structure show homology with that of the product of the yeast
gene encoding a sterol Cg-C; isomerase (ERG2), which has high affinity for
several ¢ ligands (211,353). Also, o; receptors share affinity for different
compounds with a mammalian sterol Cs-C; isomerase (the emopamil binding
protein or EBF), which is, however, structurally unrelated to the yeast counterpart
(353). Since this enzyme is necessary for cholesterol synthesis and the brain
relies on de novo synthesis for its cholesterol supplies, it was suggested that 0_1'

receptors might be a brain-specific sterol Cg-C; isomerase (353).

Sigma receptors are widely distributed in the mammalian brain
(13,191,328,409). They have a relatively high level of expression in the
brainstem (327,409) and are moderately expressed in the DRN of guinea pigs
(191,328). Their distribution being very similar between rats and guinea pigs
(191), © receptors may also be expressed in the rat DRN. o binding sites appear

to be limited to neurons (191,409), where they are found in both the cell body
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and dendrites (13,191). More specifically, they appear to be located in the
microsomal fraction (i.e. endoplasmic reticulum, mitochondrial and plasma

membranes) (13,327,358) and concentrated in postsynaptic membranes (13).

1.8.2 Steroids modulation of sigma receptors

Several steroids (P, PS, T, DHEAS) have high affinity for ¢ receptors
(324,326,327,510,582) and have been shown to dose-dependently and
competitively inhibit the binding of the o radioligand [*H]-(+)-SKF-10,047 in
mouse and rat brains (324,327,510). P has the highest affinity and is the most
potent in inhibiting [PH]-(+)-SKF-10,047 binding (324,510). It has thus been
suggested to be a potential endogenous ligand for o receptors (510,582).
Interestingly, [’H]-(+)-SKF-10,047 binding was also reduced during pregnancy, a

period during which P levels are higher (324).

In different behavioral models, including the conditioned fear stress (373),
the Porsolt forced swimming test (432,540) and a model of learning impairment,
in which o ligands have antiamnesic effects (322,323,325,408), DHEAS and PS
have been shown to be functional agonists of o receptors, and P to be a potent
antagonist. In a cocaine-induced conditioned place preference paradigm, DHEA
acted as a o agonist, as it facilitated acquisition of this preference, while P
antagonized it (443). It was also confirmed by electrophysiological studies. For

instance, different ¢ ligands (DTG, JO-1784 and (+)-pentazocine), as well as
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DHEA, potentiate the excitatory response of hippocampal CA3 pyramidal
neurons to NMDA (35,36,118). While P, similarly to other ¢ antagonists, does
not modify this neuronal activity per se, it prevents its potentiation by ¢ ligands
and DHEA (35,36,118). A similar reduction in the ¢ receptor mediated
potentiation of the NMDA response is also observed during late pregnancy, when
plasma P levels are high (36). Conversely, during periods associated with an
abrupt fall in P, such as the postpartum period and following ovariectomy, this
effect was not only reversed but the potentiation of the NMDA response by
DHEA, DTG and (+)-pentazocine is greater than in control females (35,36,118).

This suggests a tonic inhibition of ¢ receptors by progesterone (35,118).

There is data indicating that activated o, receptors translocate from the
endoplasmic reticulum to the plasma membrane, where they can trigger
intracellular signaling cascades involving G proteins, PLC and PKC, and thus
modulate neuronal excitability (35,354,358,365,376,441) and/or neurotransmitter
release (120,365,376,377). This increase in PLC activity is region-dependent
(441) and occurs in rat hippocampal, striatal and cortical neurons, as well as in
neurons from the guinea pig brainstem (354,358,441). It might explain why
others, using guinea pig cerebellar tissue or rat pituitary, could not reproduce
these results (226,298). The o receptor-mediated G-protein activation was shown
to modulate intracellular Ca®" concentrations (216) and also to result in inhibition
of two types of K* channels in frog pituitary cells, thus increasing their electrical

activity (495).  Interestingly, DHEA, DHEAS and PS dose-dependently
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stimulated [3SS]GTPyS binding in synaptic membranes obtained from the mouse
prefrontal cortex (537). This effect could be prevented by pertussis toxin (PTX)
and blocked by both NE-100 (a selective &; antagonist) and P, which could also
block the (+)-pentazocine-induced stimulation of [*>S]GTPyS binding (537). PS
was also shown to modulate inhibitory postsynaptic currents (IPSCs) by
activating G protein-coupled o, receptors in embryonic rat hippocampal neurons
(365). These data strongly suggest that steroids can activate G proteins by

binding o receptors (216,537).

Activation of o) receptors has been shown to modulate the electrical
activity of different types of neurons (347,358,365), including DRN 5-HT neurons
(37). Of particular interest, two different ¢, agonists ((+)-pentazocine and 4-IBP)
were shown to increase DRN 5-HT neuronal activity when administered for 2, 7
and 21 days (37). Thus, o receptors may represent an additional way by which

neurosteroids can affect the 5-HT system.

1.9 Overview

In summary, evidence indicates that ovarian steroids and the 5-HT system
are implicated in the neurobiology of depression. The data presented here also
demonstrate that most sex steroids can be synthesized and metabolized by the
“brain, and that they can alter cerebral function via numerous mechanisms of

action, both genomic and non-genomic. More specifically, they have been shown
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to affect different proteins involved in 5-HT neurotransmission. Furthermore,
they have the ability to modify the function of other receptor or neurotransmitter
systems, which are afferents or modulators of DRN 5-HT neurons. Taken
together, these data strongly suggest that physiological hormonal fluctuations
could affect 5-HT neurotransmission. Women with a more vulnerable or sensitive

5-HT system might thus be at greater risk of developing mood disorders.
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1.10 Objectives

Important gender differences exist regarding affective disorders and
accumulating evidence indicates that ovarian steroids and the 5-HT system are
implicated in the neurobiology of depression. It is also clear that neuroactive
steroids can alter cerebral function and there are data strongly suggesting that
physiological hormonal fluctuations could affect 5-HT neurotransmission. The
activity of 5-HT neurons located in the dorsal raphe nucleus (DRN) is a decisive
factor in 5-HT neurotransmission. However, a bridge between the clinical and the
molecular studies regarding the effects of sex steroids on the 5-HT system is still
needed. Therefore, the goal of this thesis project was first to evaluate the effect
of gender, gonadectomy and pregnancy on the spontaneous firing activity of DRN
5-HT neurons and to examine different potential mechanisms of action underlying
these differences. The second objective was to directly assess the modulation by
various neuroactive steroids of the 5-HT neuronal firing activity and compare this
modulation between males and females.  Finally, potential therapeutic

applications in the treatment of depression were investigated for some of these

steroids.
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‘ Figure 1: Steroids’ partial metabolic pathways. Two-way arrows depict reversible

reactions catalyzed by the same enzyme. Double arrows represent reactions, which are

catalyzed by their respective enzyme.

74



HO

0 CHOLESTEROL
3a,5a-THDOC
P45 Oscc
3B-HSD I
HO o

Sa-reductase
(6]

\ HO, o
5a-DHDOC ;I g
[¢)
Sa-reductase
C(SIg |
O H
H

=

21B-hydroxylase
4+—>

3B-HSD

o5

PROGESTERONE

5B-reductase l

el
‘0,50
T

—

HST

O
O : f

Figure 1

DHEAS

3B-HSD

17a-mono- ‘@
oxygenase HO

Isomerase

17[3 HSD

TESTOSTERONE

Sa-reductase X

DHEA

0
H
5a-DHP 5p-DHP
3p-HSD 30-HSD
3p-HSD I
o

HO I:I HO g

3B,50-THP 3pB,5p-THP
HO"
3a,5a-THP

3a,5p-THP

>

o
aromatase
ANDROSTENE-
DIONE
0]

ESTRONE
178-HSD

aromatase

OH

e

17B8-ESTRADIOL

30-HSD
Ja-HSD Sa-DHT w _HSD OH
(¢]

Weea

3a-DIOL
3p-DIOL



References

. Abdrachmanova G, Chodounska H, Vyklicky L. Effects of steroids on NMDA

receptors and excitatory synaptic transmission in neonatal motoneurons in rat

spinal cord slices European Journal of Neuroscience 2001; 14: 495-502.

. Abellan MT, Adell A, Honrubia MA, Mengod G, Artigas F. GABAg-R1

receptors in serotonergic neurons: effects of baclofen on 5-HT output in rat

brain NeuroReport 2000; 11: 941-945.

. Abellan MT, Jolas T, Aghajanian GK, Artigas F. Dual control of dorsal raphe

serotonergic neurons by GABAg receptors. Electrophysiological and

microdialysis studies. Synapse 2000; 36: 21-34.

. Adell A, Celada P, Abellan MT, Artigas F. Origin and functional role of the

extracellular serotonin in the midbrain raphe nuclei Brain Research Reviews

2002; 39: 154-180.

. Adrien J, Tissier MH, Lanfumey L, Haj-Dahmane S, Jolas T, Franc B, Hamon

M. Central action of 5-HT3 receptor ligands in the regulation of sleep-
wakefulness and raphe neuronal activity in the rat Neuropharmacology 1992;

31: 519-529.

. Aghajanian GK. Modulation of a transient outward current in serotonergic

neurons by oj-adrenoceptors Nature 1985; 315: 501-503.

76



10.

11.

12.

13.

14.

Aghajanian GK, Lakoski JM. Hyperpolarization of serotonergic neurons by
serotonin and LSD : studies in brain slices showing increased K conductance

Brain Research 1984; 305: 181-185.

Aghajanian GK, Sprouse JS, Sheldon P, Rasmussen K. Electrophysiology of the
central serotonin system: receptor sybtypes and transducer mechanisms Annals

of the New York Academy of Sciences 1990; 600: 93-103.

Ahokas AJ, Kaukoranta J, Aito M. Effect of oestradiol on postpartum

depression Psychopharmacology 1999; 146: 108-110.

Ahokas AJ, Turtiainen S, Aito M. Sublingual oestrogen treatment of postnatal

depression The Lancet 1998; 351: 109.

Akk G, Bracamontes J, Steinbach JH. Pregnenolone sulfate block of GABA
receptors: mechanism and involvement of a residue in the M2 region of the a

subunit Journal of Physiology 2001; 532: 673-684.

Aldred S, Waring RH. Localisation of dehydroepiandrosterone

sulphotransferase in adult rat brain Brain Research Bulletin 1999; 48: 291-296.

Alonso G, Phan V-L, Guillemain I, Saunier M, Legrand A, Anoal M, Maurice
T. Immunocytochemical localization of the sigma; receptor in the adult rat

central nervous system Neuroscience 2000; 97: 155-170.

Alves SE, McEwen BS, Hayashi S, Korach KS, Pfaff DW, Ogawa S. Estrogen-

regulated progestin receptors are found in the midbrain raphe but not

77



15.

16.

17.

18.

19.

20.

hippocampus of estrogen receptor alpha (ERa) gene-disrupted mice The Journal

of Comparative Neurology 2000; 427: 185-195.

Alves SE, Weiland NG, Hastings NB, Tanapat P, McEwen BS. Estradiol
regulation of 5-HT neurons in the dorsal raphe of the rat differs from the
monkey: an analysis of tryptophan hydroxylase mRNA levels Society for

Neuroscience 1997; 23: 1222,

Alves SE, Weiland NG, Hayashi S, McEwen BS. Immunocytochemical
localization of nuclear estrogen receptors and progestin receptors within the rat
dorsal raphe nucleus The Journal of Comparative Neurology 1998; 391: 322-

334.

Alves SE, Weiland NG, McEwen BS. Phenotypic identification of ovarian
steroid target cells in the rodent dorsal raphe and central gray Society for

Neuroscience 1998; 24: 1101-abstract 436.1.

American Psychiatry Association. Diagnostic and statistical manual of mental

disorders. Washington, DC: American Psychiatric Association, 2000.

Angst J, Gamma A, Gastpar M, Lépine J-P, Mendlewicz J, Tylee A. Gender
differences in depression European Archives of Psychiatry and Clinical

Neuroscience 2002; 252: 201-209.

Ansonoff MA, Etgen AM. Estradiol elevates protein kinase C catalytic activity

in the preoptic area of female rats Endocrinology 1998; 139: 3050-3056.

78



21.

22.

23.

24.

25.

26.

27.

Arango V, Underwood MD, Boldrini M, Tamir H, Kassir SA, Hsiung S, Chen
JIX, Mann JJ. Serotonin 1A receptors, serotonin transporter binding and
serotonin transporter mRNA expression in the brainstem of depressed suicide

victims Neuropsychopharmacology 2001; 25: 892-903.

Bagdy E, Kiraly I, Harsing LG. Reciprocal innervation between serotonergic
and GABAergic neurons in raphe nuclei of the rat Neurochemical Research

2000; 25: 1465-1473.

Bagdy E, Solyom S, Harsing LG. Feedback stimulation of somatodendritic
serotonin release: a 5-HT3 receptor-mediated effect in the raphe nuclei of the rat

Brain Research Bulletin 1998; 45: 203-208.

Baraban JM, Aghajanian GK. Suppression of firing activity of 5-HT neurons in
the dorsal raphe by alpha-adrenoceptor antagonists Neuropharmacology 1980;

19: 355-363.

Baraban JM, Aghajanian GK. Suppression of serotonergic neuronal firing by o-
adrenoceptor antagonists: evidence against GABA mediation European Journal

of Pharmacology 1980; 66: 287-294.

Baraban JM, Aghajanian GK. Noradrenergic innervation of serotonergic
neurons in the dorsal raphe: demonstration by electron microscopic

autoradiography Brain Research 1981; 204: 1-11.

Barann M, Géthert M, Briiss M, Bénisch H. Inhibition by steroids of ['*C]-

guanidinium flux through the voltage-gated sodium channel and the cation

79



28.

29.

30.

31.

32.

33.

34.

channel of the 5-HT3; receptor of N1E-115 neuroblastoma cells Naunyn-

Schmiedeberg's Archives of Pharmacology 1999; 360: 234-241.

Barrett-Connor E, von Muhlen D, Laughlin GA, Kripke A. Endogenous levels
of dehydroepiandrosterone sulfate, but not other sex hormones, are associated
with depressed mood in older women: the Rancho Bernardo Study Journal of

the American Geriatric Society 1999; 47: 685-691.

Bauer HC, Bauer H. Micromethod for the determination of 3-B-HSD activity in

cultured cells Journal of Steroid Biochemistry 1989; 33: 643-646.

Beato M, Chavez S, Truss M. Transcriptional regulation by steroid hormones

Steroids 1996; 61: 240-251.

Beato M, Klug J. Steroid hormone receptors: an update Human Reproduction

Update 2000; 6: 225-236.

Beck SG, Clarke WP, Goldfarb J. Chronic estrogen effects on 5-
hydroxytryptamine-mediated responses in hippocampal pyramidal cells of

female rats Neuroscience Letters 1989; 106: 181-187.

Belelli D, Casula A, Ling A, Lambert JJ. The incluence of subunit composition
on the interaction of neurosteroids with GABA 4 receptors Neuropharmacology

2002; 43: 651-661.

Benkelfat C, Ellenbogen MA, Dean P, Palmour RM, Young SN. Mood-

lowering effect of tryptophan depletion. Enhanced susceptibility in young men

80



35.

36.

37.

38.

39.

at genetic risk for major affective disorders Archives of General Psychiatry

1994; 51: 687-697.

Bergeron R, de Montigny C, Debonnel G. Potentiation of neuronal NMDA
response induced by dehydroepiandrosterone and its suppression by
progesterone: effects mediated via sigma receptors The Journal of Neuroscience

1996; 16: 1193-1202.

Bergeron R, de Montigny C, Debonnel G. Pregnancy markedly reduces brain
sigma receptor function Journal of Pharmacology and Experimental

Therapeutics 1999.

Bermack JE, Debonnel G. Modulation of serotonergic neurotransmission by
short- and long-term treatments with sigma ligands British Journal of

Pharmacology 2001; 134: 699.

Bernardi M, Vergoni AV, Sandrini M, Tagliavini S, Bertolini A. Influence of
ovariectomy, estradiol and progesterone on the behavior of mice in an
experimental model of depression Physiology and Behavior 1989; 45: 1067-

1068.

Berr C, Lafont S, Debuire B, Dartigues J-F, Baulieu EE. Relationships of
dehydroepiandrosterone sulfate in the elderly with functional, psychological,
and mental status, and short-term mortality: A french community-based study

Proceedings of the National Academy of Science USA 1996; 93: 13410-13415.

81



40.

41.

42.

43.

44.

45.

46.

Bethea CL. Colocalization of progestin receptors with serotonin in raphe

neurons of macaque Neuroendocrinology 1993; 57: 1-6.

Bethea CL, Lu NZ, Gundlah C, Streicher JM. Diverse actions of ovarian
steroids in the serotonin neural system Frontiers in Neuroendocrinology 2002;

23:41-100.

Bethea CL, Mirkes SJ, Shively CA, Adams MR. Steroid regulation of
tryptophan hydroxylase protein in the dorsal raphe of macaques Biological

Psychiatry 2000; 47: 562-576.

Bethea CL, Mirkes SJ, Su A, Michelson D. Effects of oral estrogen, raloxifene
and arzoxifene on gene expression in serotonin neurons of macaques

Psychoneuroendocrinology 2002; 27: 431-445.

Bethea CL, Pecins-Thompson M, Schutzer WE, Gundlah C, Lu ZN. Ovarian
steroids and serotonin neural function Molecular Neurobiology 1999; 18: 87-

123.

Beyenburg S, Watzka M, Clusmann H, Bliimcke I, Bidlingmaier F, Elger CE,
Stoffel-Wagner B. Messenger RNA of steroid 21-hydroxylase (CYP21) is

expressed in the human hippocampus Neuroscience Letters 2001; 308: 111-114.

Beyer C, Pawlak J, Karolczak M. Membrane receptors for oestrogen in the brain

Journal of Neurochemistry 2003; 87: 545-550.

82



47.

48.

49.

50.

51.

52.

53.

Beyer C, Raab H. Nongenomic effects of oestrogen: embryonic mouse midbrain
neurones respond with a rapid release of calcium from intracellular stores

European Journal of Neuroscience 1998; 10: 255-262.

Bhatia SC, Bhatia SK. Depression in women: diagnostic and treatment

considerations American Family Physician 1999; 60: 225-234.

Bi R, Broutman G, Foy MR, Thompson RF, Baudry M. The tyrosine kinase and
mitogen-activated protein kinase pathways mediate multiple effects of estrogen
in hippocampus Proceedings of the National Academy of Science USA 2000;

97: 3602-3607.

Bi R, Foy MR, Thompson RF, Baudry M. Effects of estrogen, age, and calpain
on MAP kinase and NMDA receptors in female rat brain Neurobiology of

Aging 2004; 24: 977-983.

Bi R, Foy MR, Vouimba R-M, Thompson RF, Baudry M. Cyclic changes in
estradiol regulate synaptic plasticity through the MAP kinase pathway

Proceedings of the National Academy of Science USA 2001; 98: 13391-13395.

Bianchi MT, Haas KF, Macdonald RL. a1 and 0.6 subunits specify distinct
desensitization, deactivation and neurosteroid modulation of GABA4 receptors

containing the & subunit Neuropharmacology 2002; 43: 492-502.

Bijl RV, de Graaf R, Ravelli A, Smit F, Vollebergh WAM. Gender and age-
specific first incidence of DSM-III-R psychiatric disorders in the general

population. Results from the Netherlands mental health survey and incidence

83



54.

55.

56.

57.

58.

study (NEMESIS) Social Psychiatry and Psychiatric Epidemiology 2002; 37:

372-379.

Birzniece V, Johansson I-M, Wang M-D, Seckl JR, Bickstrom T, Olsson T.
Serotonin 5-HT4 receptor mRNA expression in dorsal hippocampus and raphe
nuclei after gonadal hormone manipulation in female rats Neuroendocrinology

2001; 74: 135-142.

Bitran D, Dugan M, Renda P, Ellis R, Foley M. Anxiolytic effects of the
neuroactive steroid pregnanolone (30-OH-5B-pregnane-20-one) after
microinjection in the dorsal hippocampus and lateral septum Brain Research

1999; 850: 217-224.

Bixo M, Allard P, Backstrom T, Mjérndal S, Nyberg S, Spigset O, Sundstrém-
Poromaa I. Binding of [*H]paroxetine to serotonin uptake sites and of
[*H]lysergic acid diethylamide to 5-HT,4 receptors in platelets from women
with premenstrual dysphoric disorder during gonadotropin releasing hormone

treatment Psychoneuroendocrinology 2001; 26: 551-564.

Blazer DG, Kessler RC, McGonagle KA, Swartz MS. The prevalence and
distribution of major depression in a national community sample: the national

comorbidity survey American Journal of Psychiatry 2001; 151: 979-986.

Blier P, Bouchard C. Functional characterization of a 5-HT; receptor which
modulates the release of 5-HT in the guinea-pig brain British Journal of

Pharmacology 1993; 108: 13-22.

84



59.

60.

61.

62.

63.

64.

65.

Blier P, de Montigny C. Serotoninergic but not noradrenergic neurons in rat
central nervous system adapt to long-term treatment with monoamine oxidase

inhibitors Neuroscience 1985; 16: 949-955.

Blier P, de Montigny C. Electrophysiological investigation of the adaptive
response of the 5-HT system to the administration of 5-HT 4 receptor agonists

Journal of Cardiovascular Pharmacology 1990; 15: S42-S48.

Blier P, de Montigny C. Differential effect of gepirone on presynaptic and
postsynaptic serotonin receptors: single-cell recording studies Journal of

Clinical Psychopharmacology 1990; 10: 13S-20S.

Blier P, de Montigny C. Modification of 5-HT neuron properties by sustained
administration of the 5-HT 5 agonist gepirone: electrophysiological studies in

the rat brain Synapse 1987, 1: 470-480.

Blier P, de Montigny C. Current advances and trends in the treatment of

depression Trends in Pharmacological Sciences 1994; 15: 220-226.

Blier P, de Montigny C. Serotonin and drug-induced therapeutic responses in
major depression, obsessive-complusive and panic disorders

Neuropsychopharmacology 1999; 21: 91S-98S.

Blier P, de Montigny C, Azzaro AJ. Modification of serotonergic and
noradrenergic neurotransmissions by repeated administration of monoammine

oxidase inhibitors : electrophysiological studies in the rat central nervous

85



66.

67.

68.

69.

70.

system The Journal of Pharmacology and Experimental Therapeutics 1986; 237:

987-994.

Blier P, Lista A, de Montigny C. Differential properties of pre- and postsynaptic
5-hydroxytryptaminel A receptors in the dorsal raphe and hippocampus: II.
effect of pertussis and cholera toxins The Journal of Pharmacology and

Experimental Therapeutics 1993; 265: 16-23.

Blier P, Lista A, de Montigny C. Differential properties of pre- and postsynaptic
5-hydroxytryptamine; s receptors in the dorsal raphe and hippocampus: 1. effect
of spiperone The Journal of Pharmacology and Experimental Therapeutics

1993; 265: 7-15.

Bloch M, Schmidt PJ, Danaceau MA, Adams LF, Rubinow DR.
Dehydroepiandrosterone treatment of midlife dysthymia Biological Psychiatry

1999; 45: 1533-1541.

Bortolozzi A, Artigas F. Control of 5-hydroxytryptamine release in the dorsal
raphe nucleus by the noradrenergic system in rat brain. Role of a-

adrenoceptors Neuropsychopharmacology 2003; 28: 421-434.

Bouali S, Evrard A, Chastanet M, Lesch K-P, Hamon M, Adrien J. Sex
hormone-dependent desensitization of 5-HT) 4 autoreceptors in knockout mice
deficient in the 5-HT transporter European Journal of Neuroscience 2003; 18:

2203-2212.

86



71.

72.

73.

74.

75.

76.

Bowlby MR. Pregnenolone sulfate potentiation of N-mehtyl-D-aspartate
receptor channels in hippocampal neurons Molecular Pharmacology 1993; 43:

813-819.

Brann DW, Zamorano PL, Chorich LP, Mahesh VB. Steroid hormone effects on
NMDA receptor binding and NMDA receptor mRNA levels in the
hypothalamus and cereral cortex of the adult rat Neuroendocrinology 1993; 58:

666-672.

Breslau N, Schultz L, Peterson E. Sex differences in depression: a role for

preexisting anxiety Psychiatry Research 1995; 58: 1-12.

Brot MD, Akwa Y, Purdy RH, Koob GF, Britton KT. The anxiolytic-like effects
of the neurosteroid allopregnanolone: interactions with GABA 4 receptors

European Journal of Pharmacology 2003; 325: 1-7.

Burt VK, Stein K. Epidemiology of depression throughout the female life cycle

Journal of Clinical Psychiatry 2002; 63: 9-15.

Caldwell JD, Walker CH, Rivkina A, Pedersen CA, Mason GA. Radioligand
assays for oestradiol and progesterone conjugated to protein reveal evidence for
a common membrane binding site in the medial preoptic area-anterior
hypothalamus and differential modulation by cholera toxin and GTPYS Journal

of Neuroendocrinology 1999; 11: 409-417.

87



77.

78.

79.

80.

81.

82.

Callachan H, Cottrell GA, Hather NY, Lambert JJ, Nooney JM, Peters JA.
Modulation of the GABA, receptor by progesterone metabolites Proceedings of

the Royal Society of London (Biology) 1987; 231: 359-369.

Canonaco M, O'Connor LH, Pfaff DW, McEwen BS. Longer term progesterone
treatment induces changes of GABA, receptor levels in forebrain sites in the
female hamster: quantitative autoradiography study Experimental Brain

Research 1989; 77: 407-411.

Carlsson M, Carlsson A. A regional study of sex differences in rat brain
serotonin Progress in Neuro-Psychopharmacology and Biological Psychiatry

1988; 12: 53-61.

Carlsson M, Svensson K, Eriksson E, Carlsson A. Rat brain serotonin:
biochemical and functional evidence for a sex difference Journal of Neural

Transmission 1985; 63: 297-313.

Carrer HF, Araque A, Bufio W. Estradiol regulates the slow Ca**-activated K*
current in hippocampal pyramidal neurons The Journal of Neuroscience 2003;

23: 6338-6344.

Carter RB, Wood PL, Wieland S, Hawkinson JE, Belelli D, Lambert JJ, White
HS, Wolf HH, Mirsadeghi S, Tahir SH, Bolger MB, Lan NC, Gee KW.
Characterization of the anticonvulsant properties of ganaxolone (CCD 1042:

3a-hydroxy-3B-methyl-5a-pregnan-20-one), a selective, high-affinity, steroid

88



83.

84.

85.

86.

87.

88.

modulator of the y-aminobutyric acida receptor The Journal of Pharmacology

and Experimental Therapeutics 1997; 280: 1284-1295.

Casanovas JM, Berton O, Celada P, Artigas F. In vivo actions of the selective 5-
HT A receptor agonist BAY x 3702 on serotonergic cell firing and release

Naunyn-Schmiedeberg's Archives of Pharmacology 2000; 362: 248-254.

Casson P, Hahn PM, Van Vugt DA, Reid RL. Lasting response to ovariectomy
in severe intractable premenstrual syndrome American Journal of Obstetrics and

Gynecology 1990; 162: 99-105.

Cathcart CK, Jones SE, Pumroy S, Peters GN, Knox SM, Cheek JH. Clinical
recognition and management of depression in node negative breast cancer
patients treated with tamoxifen Breast Cancer Research and Treatment 1993;

27:277-281.

Ceccon M, Rumbaugh G, Vicini S. Distinct effect of pregnenolone sulfate on

NMDA receptor subtypes Neuropharmacology 2001; 40: 491-500.

Celada P, Puig V, Casanovas JM, Guillazo G, Artigas F. Control of dorsal raphe
serotonergic neurons by the medial prefrontal cortex: involvement of serotonin-
1A, GABA,, and glutamate receptors The Journal of Neuroscience 2001; 21:

9917-9929.

Celotti F, Melcangi RC, Martini L. The Sa-reductase in the brain: molecular
aspects and relation to brain function Frontiers in Neuroendocrinology 1992;

13: 163-215.

&9



89.

90.

91.

92.

93.

94.

9s.

Celotti F, Melcangi RC, Negri-Cesi P, Poletti A. Testosterone metabolism in
brain cells and membranes Journal of Steroid Biochemistry and Molecular

Biology 1991; 40: 673-678.

Celotti F, Negri-Cesi P, Poletti A. Steroid metabolism in the mammalian brain:

Salpha-reduction and aromatization Brain Research Bulletin 1997; 44: 365-375.

Chalmers DT, Watson SJ. Comparative anatomical distribution of 5-HT 4
receptor mRNA and 5-HT binding in rat brain - a combined in situ
hybridisation / in vitro receptor autoradiographic study Brain Research 1991;

561: 51-60.

Chang AS, Chang SM. Nongenomic steroidal modulation of high-affinity

serotonin transport Biochimica et Biophysica Acta 1999; 1417: 157-166.

Chaput Y, de Montigny C, Blier P. Effects of a selective 5-HT reuptake blocker,
citalopram, on the sensitivity of 5-HT autoreceptors: electrophysiological
studies in the rat brain Naunyn-Schmiedeberg's Archives of Pharmacology

1986; 333: 342-348.

Chaput Y, de Montigny C, Blier P. Presynaptic and postsynaptic modifications
of the serotonin system by long-term administration of antidepressant treatments

Neuropsychopharmacology 1991; 5: 219-229.

Cheney DL, Uzunov DP, Costa E, Guidotti A. Gas chromatographic-mass

fragmentographic quantitation of 3a-hydroxy-5a-pregnan-20-one

90



(allopreganolone) and its precursors in blood and brain of adrenalectomized and

castrated rats The Journal of Neuroscience 1995; 15: 4641-4650.

96. Cheng K-C, Lee J, Khanna M, Qin K-N. Distribution and ontogeny of 3o.-
hydroxysteroid dehydrogenase in the rat brain Journal of Steroid Biochemistry

and Molecular Biology 19940; 50: 85-89.

97. Clark AS, Myers M, Bobinson S, Chang P, Henderson LP. Hormone-dependent
regulation of GABA, receptor y subunit mRNAs in sexually dimorphic regions
of the rat brain Proceedings of the Royal Society of London (Biology) 1998;

265: 1853-1859.

98. Clarke C, Norfleet AM, Clarke MSF, Watson CS, Cunningham KA, Thomas
ML. Perimembrane localization of the estrogen receptor o protein in neuronal
processes of cultured hippocampal neurons Neuroendocrinology 2000; 71: 34-

42.

99. Clarke WP, Goldfarb J. Estrogen enhances a 5-HT) 4 response in hippocampal

slices from female rats European Journal of Pharmacology 1989; 160: 195-197.

100. Clarke WP, Maayani S. Estrogen effects on 5-HT 4 receptors in hippocampal
membranes from ovariectomized rats: functional and binding studies Brain

Research 1990; 518: 287-291.

101. Compagnone NA, Mellon SH. Neurosteroids: biosynthesis and function of these

novel neuromodulators Frontiers in Neuroendocrinology 2000; 21: 1-56.

91



102.

103.

104.

105.

106.

107.

Compagnone NA, Salido E, Shapiro LJ, Mellon SH. Expression of steroid

sulfatase during embryogenesis Endocrinology 1997; 138: 4768-4773.

Concas A, Mostallino MC, Porcu P, Follesa P, Barbaccia ML, Trabucchi M,
Purdy RH, Grisenti P, Biggio G. Role of brain allopregnanolone in the plasticity
of y-aminobutyric acid type A receptor in rat brain during pregnancy and after
delivery Proceedings of the National Academy of Science USA 1998; 95:

13284-13289.

Contreras CM, Martinez-Mota L, Saavedra M. Desipramine restricts estral cycle
oscillations in swimming Progress in Neuro-Psychopharmacology and

Biological Psychiatry 1998; 22: 1121-1128.

Coppen A. The biochemistry of affective disorders British Journal of Psychiatry

1967; 113: 1237-1264.

Cornea-Hébert V, Riad M, Wu C, Singh SK, Descarries L. Cellular and
subcellular distribution of the serotonin 5-HT2A receptor in the central nervous

system of adult rat The Journal of Comparative Neurology 1999; 409: 187-209.

Costa A-MN, Spence KT, Smith SS, French-Mullen JMH. Withdrawal from the
endogenous steroid progesterone results in GABA4 currents insensitive to

benzodiazepine modulation in rat CA1 hippocampus Journal of

Neurophysiology 1995; 74: 464-469.

92



108.

109.

110.

111.

112.

113.

114.

Craven RM, Grahame-Smith DG, Newberry NR. 5-HT 4 and 5-HT), receptors
differentially regulate the excitability of 5-HT-containing neurones of the

guinea pig dorsal raphe nucleus in vitro Brain Research 2001; 899: 159-168.

Cyr M, Bossé R, Di Paolo T. Gonadal hormones modulate 5-
hydroxytryptamine; receptors: emphasis on the rat frontal cortex Neuroscience

1998, 83: 829-836.

Cyr M, Ghribi O, Di Paolo T. Regional and selective effects of oestradiol and
progesterone on NMDA and AMPA receptors in the rat brain Journal of

Neuroendocrinology 2000; 12: 445-452.

Czlonkowska Al, Krzascik P, Sienkiewicz-Jarosz H, Siemiatkowski M,
Szyndler J, Maciejak P, Bidzinski A, Plaznik A. Tolerance to the anticovulsant
activity of midazolam and allopregnanolone in a model of picrotoxin seizures

European Journal of Pharmacology 2001; 425: 121-127.

D'Souza D, Harlan RE, Garcia MM. Modulation of glutamate receptor
expression by gonadal steroid hormones in the rat striatum Brain Research

Bulletin 2003; 59: 289-292.

Dalgleish T. The emotional brain Nature Reviews Neuroscience 2004; 5: 583-

589.

de Montigny C. Electroconvulsive shock treatmetns enhance responsiveness of
forebrain neurons to serotonin The Journal of Pharmacology and Experimental

Therapeutics 1984; 228: 230-234.

93



115.

116.

117.

118.

119.

120.

de Montigny C, Aghajanian GK. Tricyclic antidepressants: long-term treatment
increases responsivity of rat forebrain neurons to serotonin Science 1978; 202:

1303-1306.

de Montigny C, Blier P. Electrophysiological properties of 5-HT; 4 receptors
and of 5-HT) agonists Serotonin 1A Receptors in Depression and Anxiety

1992; 83-98.

Debonnel G. Current hypotheses on sigma receptors and their physiological
role: possible implications in psychiatry Journal of Psychiatry & Neuroscience

1993; 18: 157-172.

Debonnel G, Bergeron R, de Montigny C. Potentiation by
dehydroepiandrosterone of the neuronal response to N-methyl-D-aspartate in the
CAj; region of the rat dorsal hippocampus: an effect mediated via sigma

receptors Journal of Endocrinology 1996; 150: S33-S42.

Demirgéren S, Majewska MD, Spivak CE, London ED. Receptor binding and
electrophysiological effects of dehydroepiandrosterone sulfate, an antagonist of

the GABAA receptor Neuroscience 1991; 45: 127-135.

Derbez AE, Mody RM, Werling LL. o,-receptor regulation of dopamine
transporter via activation of protein kinase C The Journal of Pharmacology and

Experimental Therapeutics 2002; 301: 306-314.

94



121.

122.

123.

124.

125.

126.

127.

Dluzen DE, Ramirez VD. Progesterone effects upon dopamine release from the
corpus striatum of female rats. II. Evidence for a membrane site of action and

the role of albumin Brain Research 1989; 476: 338-344.

Dominguez R, Cruz-Morales SE, Carvalho MC, Xavier M, Brandao ML. Sex
differences in serotonergic activity in dorsal and median raphe nucleus

Physiology and Behavior 2003; 80: 203-210.

Drevets WC, Frank E, Price JC, Kupfer DJ, Holt D, Greer PJ, Huang Y, Gautier
C, Mathis C. PET imaging of serotonin 1A receptor binding in depression

Biological Psychiatry 1999; 46: 1375-1387.

Duman RS. Pathophysiology of depression: the concept of synaptic plasticity

European Psychiatry 2002; 17: 306-310.

Dupont S, Simard J, Luu-The V, Labrie F, Pelletier G. Localization of 33-
hydroxysteroid dehydrogenase in rat brain as studied by in situ hybridization

Molecular and Cellular Neurosciences 1994; 5: 119-123.

Eechaute WP, Dhooge WS, Gao CQ, Calders P, Rubens R, Weyne J, Kaufman
JM. Progesterone-transforming enzyme activity in the hypothalamus of the male

rat Journal of Steroid Biochemistry and Molecular Biology 1999; 70: 159-167.

Eisenman LN, He Y, Fields C, Zorumski CF, Mennerick S. Activation-
dependent properties of pregnenolone sulfate inhibition of GABA, receptor-

mediated current Journal of Physiology 2003; 550: 679-691.

95



128.

129.

130.

131.

132.

133.

134.

Ellenbogen MA, Young SN, Dean P, Palmour RM, Benkelfat C. Mood response
to acute tryptophan depletion in healthy volunteers: sex differences and

temporal stability Neuropsychopharmacology 1996; 15: 465-474.

Endicott J. The menstrual cycle and mood disorders Journal of Affective

Disorders 1993; 29: 193-200.

Endicott J, Halbreich U. Clinical significance of premenstrual dysphoric

changes Journal of Clinical Psychiatry 1988; 49: 486-489.

Eriksson E. Serotonin reuptake inhibitors for the treatment of premenstrual

dysphoria International Clinical Psychopharmacology 1999; 14: S27-S33.

Eriksson E, Hedberg MA, Andersch B, Sundblad C. The serotonin reuptake
inhibitor paroxetin is superior to the noradrenaline reuptake inhibitor
maprotiline in the treatment of premenstrual syndrome

Neuropsychopharmacology 1995; 12: 167-176.

Estrada-Camarena E, Fernandez-Guasti A, Lopez-Rubalcava C. Antidepressant-
like effect of different estrogenic compounds in the forced swimming test

Neuropsychopharmacology 2003; 28: 830-838.

Etgen AM. Ovarian steroid and growth factor regulation of female reproductive
function involves modification of hypothalamic o;-adrenoceptor signaling

Annals of the New York Academy of Sciences 2003; 1007: 153-161.

96



135.

136.

137.

138.

139.

140.

141.

Etgen AM, Ansonoff MA, Quesada A. Mechanisms of ovarian steroid
regulation of norepinephrine receptor-mediated signal transduction in the
hypothalamus: implications for female reproductive physiology Hormones and

Behavior 2001; 40: 169-177.

Etgen AM, Ansonoff MA, Quesada A. Mechanisms of ovarian steroid
regulation of norepinephrine receptor-mediated signal transduction in the
hypothalamus: implications for female reproductive physiology Hormones and

Behavior 2001; 40: 169-177.

Falkenstein E, Wehling M. Nongenomically initiated steroid actions European

Journal of Clinical Investigation 2000; 30: 51-54.

Fancsik A, Linn DM, Tasker JG. Neurosteroid modulation of GABA IPSCs is

phosphorylation dependent The Journal of Neuroscience 20000; 20: 3067-3075.

Fénelon VS, Herbison AE. Progesterone regulation of GABA 4 receptor
plasticity in adult rat supraoptic nucleus European Journal of Neuroscience

2000; 12: 1617-1623.

Fénelon VS, Herbison AE. Plasticity in GABA, receptor subunit mRNA
expression by hypothalamic magnocellular neurons in the adult rat The Journal

of Neuroscience 1996; 16: 4872-4880.

ffrench-Mullen JMH, Danks P, Spence KT. Neurosteroids modulate calcium
currents in hippocampal CA1 neurons via a pertussi toxin-sensitive G-protein-

coupled mechanism The Journal of Neuroscience 1994; 14: 1963-1977.

97



142.

143.

144.

145.

146.

147.

Fink G, Sumner BEH, Rosie R, Grace O, Quinn JP. Estrogen control of central
neurotransmission: effect on mood, mental state, and memory Cellular and

Molecular Neurobiology 1996; 16: 325-344.

Fink G, Sumner BEH, Rosie R, Wilson H, McQueen JK. Androgen actions on
central serotonin neurotransmission: relevance for mood, mental state and

memory Behavioural Brain Research 1999; 105: 53-68.

Fitzgerald M, Malone K, Li S, Harrison WM, McBride PA, Endicott J, Cooper
PJ, Mann JJ. Blunted serotonin response to fenfluramine challenge in
premenstrual dysphoric disordre American Journal of Psychiatry 1997; 154:

556-558.

Follesa P, Floris S, Tuligi G, Mostallino MC, Concas A, Biggio G. Molecular
and functional adaptation of the GABA, receptor complex during pregnancy
and after delivery in the rat brain European Journal of Neuroscience 1998; 10:

2905-2912.

Follesa P, Porcu P, Sogliano C, Cinus M, Biggio F, Mancuso L, Mostallino MC,
Poaletti AM, Purdy RH, Biggio G, Concas A. Changes in GABA 4 receptor ¥y,
subunit gene expression induced by long-term administration of oral

contraceptives in rats Neuropharmacology 2002; 42: 325-336.

Follesa P, Serra M, Cagetti E, Pisu MG, Porta S, Floris S, Massa F, Sanna E,

Biggio G. Allopregnanolone synthesis in cerebellar granule cells: roles in

98



148.

149.

150.

151.

152.

153.

regulation of GABAA receptor expression and function during progesterone

treatment and withdrawal Molecular Pharmacology 2000; 57: 1262-1270.

Foy MR, Teyler TJ. 17-a-estradiol and 17-B-estradiol in hippocampus Brain

Research Bulletin 1983; 10: 735-739.

Foy MR, Xu J, Xie X, Brinton RD, Thompson RF, Berger TW. 17B-estradiol
enhances NMDA receptor-mediated EPSPs and Long-Term potentiation Journal

of Neurophysiology 1999; 81: 925-929.

Frankfurt M, McKittrick CR, Mendelson SD, McEwen BS. Effect of 5,7-
dihydroxytryptamine, ovariectomy and gonadal steroids on serotonin receptor

binding in rat brain Neuroendocrinology 1994; 59: 245-250.

Freeman E, Rickels K, Sondheimer SJ, Polansky M. Ineffectiveness of
progesterone suppository treatment for premenstrual syndrome JAMA 1990;

264: 349-353.

Freeman EW, Rickels K, Arredondo F, Kao L-C, Pollack S, Sondheimer SJ.
Full- or half-cycle treatment of severe premenstrual syndrome with a
serotonergic antidepressant Journal of Clinical Psychopharmacology 1999; 19:

3-8.

Freeman EW, Rickels K, Sondheimer SJ, Polansky M. Differential reponse to
antidepressants in women with premenstrual syndrome/premenstrual dysphoric

disorder Archives of General Psychiatry 1999; 56: 932-939.

99



154.

155.

156.

157.

158.

159.

160.

Freeman ME. The ovarian cycle of the rat. In: Knobil E, Neil J, eds. The

physiology of reproduction, New York: Raven Press Ltd., 1988: 1893-1928.

Friedman L, Gibbs TT, Farb DH. y-aminobutyric acida receptor regulation:
chronic treatment with pregnanolone uncouples allosteric interactions between
steroid and benzodiazepine recognition sites Molecular Pharmacology 1993; 44:

191-197.

Fritschy J-M, Mohler H. GABA s-receptor heterogeneity in the adult rat brain:
differential regional and cellular distribution of seven major subunits The

Journal of Comparative Neurology 1995; 359: 154-194.

Frye CA, Gardiner SG. Progestins can have a membrane-mediated action in rat
midbrain for facilitation of sexual receptivity Hormones and Behavior 1996; 30:

682-691.

Frye CA, Rhodes ME. Enhancing effects of estrogen on inhibitory avoidance
performance may be in part independent of intracellular estrogen receptors in

the hippocampus Brain Research 2002; 956: 285-293.

Frye CA, Vongher JM. Progesterone has rapid and membrane effects in the
facilitation of female mouse sexual behavior Brain Research 1999; 815: 259-

269.

Frye CA, Walf AA. Changes in progesterone metabolites in the hippocampus
can modulate open field and forced swim test behavior of proestrous rats

Hormones and Behavior 2002; 41: 306-315.

100



161.

162.

163.

164.

165.

166.

Frye CA, Wawrzycki J. Effect of prenatal stress and gonadal hormone condition

on depressive behaviors of female and male rats Hormones and Behavior 2003;

44:319-326.

Furukawa A, Miyatake A, Ohnishi T, Ichikawa Y. Steroidogenic acute
regulatory protein (StAR) transcripts constitutively expressed in the adult rat
central nervous system: colocalization of StAR, cytochrome P-450,, (CYP
XIA1), and 3b-hyrdoxysteroid dehydrogenase in the rat brain Journal of

Neurochemistry 1998; 71: 2231-2238.

Galea LAM, Wide JK, Barr AM. Estradiol alleviates depressive-like symptoms
in a novel animal model of post-partum depression Behavioral Brain Research

2001; 122: 1-9.

Gallager DW. Benzodiazepines: potentiation of a GABA inhibitory response in

the dorsal raphe nucleus European Journal of Pharmacology 1978; 49: 133-143.

Gallager DW, Aghajanian GK. Effect of antipsychotic drugs on the firing of
dorsal raphe cells. II. Reversal by picrotoxin European Journal of Pharmacology

1976; 39: 357-364.

Gallo MA, Smith SS. Progesterone withdrawal decreases latency to and
increases duration of electrified prod burial: a possible rat model of PMS

anxiety Pharmacology, Biochemistry and Behavior 1993; 46: 897-904.

101



167.

168.

169.

170.

171.

172.

Gao B, Fritschy J-M, Benke D, Mohler H. Neuron-specific expression of
GABA -receptor subtypes: differential association of the a;- and az-subunits

with serotonergic and GABAergic neurons Neuroscience 1993; 54: 881-892.

Garratt JC, Crespi F, Mason R, Marsden CA. Effects of idazoxan on dorsal
raphe 5-hydroxytryptamine neuronal function European Journal of

Pharmacology 1991; 193: 87-93.

Garratt JC, Kidd EJ, Wright IK, Marsden CA. Inhibition of 5-
hydroxytryptamine neuronal activity by the 5-HT agonist, DOI European

Journal of Pharmacology 1991; 199: 349-355.

Gazzaley AH, Weiland NG, McEwen BS, Morrison JH. Differential regulation
of NMDAR1 mRNA and protein by estradiol in the rat hippocampus The

Journal of Neuroscience 1996; 16: 6830-6838.

Gee KW, Bolger MB, Brinton RE, Coirini H, McEwen BS. Steroid modulation
of the chloride ionophore in rat brain: structure-activity requirements, regional
dependence and mechanism of action The Journal of Pharmacology and

Experimental Therapeutics 1988; 246: 803-812.

Gee KW, Chang W-C, Brinton RE, McEwen BS. GABA-dependent modulation
of the CI ionophore by steroids in rat brain European Journal of Pharmacology

1987; 136: 419-423.

102



173.

174.

175.

176.

177.

178.

179.

George MS, Guidotti A, Rubinow DR, Pan B, Mikalauskas K, Post RM. CSF
neuroactive steroids in affective disorders: pregnenolone, progesterone, and

DBI Biological Psychiatry 1994; 35: 775-780.

Gervasoni D, Peyron C, Rampon C, Barbagli B, Chouvet G, Urbain N, Fort P,
Luppi P-H. Role and origin of the GABAergic innervation of dorsal raphe

nucleus serotonergic neurons Journal of Neuroscience 2000; 20: 4217-4225.

Ghraf R, Michel M, Hiemke C, Knuppen R. Competition by monophenolic
estrogens and catecholestrogens for high-affinity uptake of [*H](-)-
norepinephrine into synaptosomes from rat cerebral cortex and hypothalamus

Brain Research 1983; 277: 163-168.

Girdler SS, Straneva PA, Light KC, Pedersen CA, Morrow AL.
Allopregenanolone levels and reactivity to mental stress in premenstrual

dysphoric disorder Biological Psychiatry 2001; 49: 797.

Goldfield A, Monroe SE. Ovaries. In: Greenspan FS, ed. Basic and clinical

endocrinology, Norwalk, Connecticut: Appleton & Lange, 1991: 442-490.

Graeff FG. Serotonergic systems The Psychiatric Clinics of North America

1997; 20: 723-739.

Gregoire AJP, Kumar R, Everitt B, Henderson AF, Studd JWW. Transdermal
oestrogen for treatment of severe postnatal depression The Lancet 1996; 347:

930-933.

103



180.

181.

182.

183.

184.

185.

186.

Griffin LD, Mellon SH. Selective serotonin reuptake inbibitors directly alter
activity of neurosteroidogenic enzymes Proceedings of the National Academy

of Science USA 1999; 96: 13512-13517.

Gu G, Rojo AA, Zee MC, Yu J, Simerly RB. Hormonal regulation of CREB
phosphorylation in the anteroventral periventricular nucleus The Journal of

Neuroscience 1996; 16: 3035-3044.

Gu G, Varoqueaux F, Simerly RB. Hormonal regulation of glutamate receptor
gene expression in the anteroventral periventricular nucleus of the

hypothalamus The Journal of Neuroscience 1999; 19: 3213-3222.

Gu Q, Korach KS, Moss RL. Rapid action of 17B-estradiol on kainate-induced

currents in hippocampal neurons lacking intracellular estrogen receptors

Endocrinology 1999; 140: 660-666.

Gu Q, Moss RL. 17B-estradiol potentiates kainate-induced currents via
activation of the cAMP cascade The Journal of Neuroscience 1996; 16: 3620-

3629.

Guennoun R, Fiddes RJ, Gouézou M, Baulieu EE. A key enzyme in the
biosynthesis of neurosteroids, 33-hydroxysteroid dehydrogenase / A>-A*-
isomerase (33-HSD), is expressed in rat brain Molecular Brain Research 1995;

30: 287-300.

Guicheney P, Léger D, Barrat J, Trévoux R, De Ligniéres B, Roques P, Garnier

JP, Boyer P, Grenier J, Dreux C, Meyer P. Platelet serotonin content and plasma

104



187.

188.

189.

190.

191.

tryptophan in peri- and postmenopausal women: variations with plasma
oestrogen levels and depressive syptoms European Journal of Clinical

Investigation 1988; 18: 297-304.

Guidotti A, Costa E. Can the antidysphoric and anxiolytic profiles of selective
serotonin reuptake inhibitors be related to their ability to increase brain 3a,5a-
tetrahydroprogesterone (allopregnanolone) availability? Biological Psychiatry

1998; 44: 865-873.

Gulinello M, Gong QH, Li X, Smith SS. Short-term exposure to a neuroactive
steroid increases a4 GABA, receptor subunit levels in association with

increased anxiety in the female rat Brain Research 2001; 910: 55-66.

Gulinello M, Gong QH, Smith SS. Progesterone withdrawal increases the a4
subunit of the GABA receptor in male rats in association with anxiety and
altered pharmacology -- a comparison with female rats Neuropharmacology

2002; 43: 701-714.

Gulinello M, Orman R, Smith SS. Sex differences in anxiety, sensorimotor
gating and expression of the a4 subunit of the GABA, receptor in the amygdala
after progesterone withdrawal European Journal of Neuroscience 2003; 17: 641-

648.

Gundlach AL, Largent BL, Snyder SH. Autoradiographic localization of sigma

receptor binding sites in guinea pig and rat central nervous system with (+)*H-3-

105



192.

193.

194.

195.

196.

197.

(3-hydroxyphenyl)-N-(1-propyl)piperidine Journal of Neuroscience 1986; 6:

1757-1770.

Gundlah C, Kohama SG, Mirkes SJ, Garyfallou VT, Urbansky HF, Bethea CL.
Distribution of estrogen receptor beta (ER) mRNA in hypothalamus, midbrain
and temporal lobe of spayed macaque: continued expression with hormone

replacement Molecular Brain Research 2000; 76: 191-204.

Gundlah C, Lu NZ, Bethea CL. Ovarian steroid regulation of monoamine
oxidase-A and B mRNAs in the macaque dorsal raphe and hypothalamic nuclei

Psychopharmacology 2002; 160: 271-282.

Gundlah C, Lu NZ, Mirkes SJ, Bethea CL. Estrogen receptor beta (ERpB)
mRNA and protein in serotonin neurons of macaques Molecular Brain Research

2001; 91: 14-22.

Gundlah C, Pecins-Thompson M, Schutzer WE, Bethea CL. Ovarian steroid
effects on serotonin 1A, 2A and 2C receptor mRNA in macaque hypothalamus

Molecular Brain Research 1999; 63: 325-339.

Haddjeri N, Blier P. Pre- and post-synaptic effects of the 5-HT; agonist 2-

methyl-5-HT on the 5-HT system in the rat brain Synapse 1995; 20: 54-67.

Haddjeri N, Blier P, de Montigny C. Noradrenergic modulation of central
serotonergic neurotransmission: acute and long-term actions of mirtazapine

International Clinical Psychopharmacology 1995; 10: 11-17.

106



198.

199.

200.

201.

202.

203.

204.

Haddjeri N, Blier P, de Montigny C. Long-term antidepressant treatments result
in a tonic activation of forebrain 5-HT; 4 receptors The Journal of Neuroscience

1998; 18: 10150-10156.

Haddjeri N, de Montigny C, Curet O, Blier P. Effect of the reversible
monoamine oxidase-A inhibitor befloxatone on the rat 5-hydroxytryptamine

neurotransmission European Journal of Pharmacology 1998; 343: 179-192.

Haddjeri N, Lucas G, Blier P. Role of cholinergic and GABAergic systems in
the feedback inhibition of dorsal raphe 5-HT neurons NeuroReport 2000; 11:

3397-3401.

Halbreich U, Endicott J. Relationship of dysphoric premenstrual changes to

depressive disorders Acta Psychiatrica Scandinavia 1985; 71: 331-338.

Halbreich U, Endicott J, Goldstein S, Nee J. Premenstrual changes and changes

in gonadal hormones Acta Psychiatrica Scandinavia 1986; 74: 576-586.

Halbreich U, Endicott J, Schacht S, Nee J. The diversity of premenstrual
changes as reflected in the premenstrual assessment form Acta Psychiatrica

Scandinavia 1982; 65: 46-65.

Halbreich U, Lumley LA. The multiple interactional biological processes that
might lead to depression and gender differences in its appearance Journal of

Affective Disorders 1993; 29: 159-173.

107



205.

206.

207.

208.

209.

210.

211.

Halbreich U, Smoller JW. Intermittent luteal phase sertraline treatment of
dysphoric premenstrual syndrome Journal of Clinical Psychiatry 1997; 58: 399-

402.

Haleem DJ, Kennett GA, Curzon G. Hippocampal 5-hydroxytryptamine
synthesis is greater in female rats than in males and more decreased by the 5-

HT; A agonist 8-OH-DPAT Journal of Neural Transmission 1990; 79: 93-101.

Hallman J. The premenstrual syndrome - an equivalent of depression? Acta

Psychiatrica Scandinavia 1986; 73: 403-411.

Hamilton JA. Special aspects of neuropsychiatric illness in women: with a focus

on depression Annual Reviews of Medicine 1993; 44: 355-364.

Hammarbick S, Damber J-E, Bickstrom T. Relationship between symptom
severity and hormone changes in women with premenstrual syndrome Journal

of Clinical Endocrinology and Metabolism 1989; 68: 125-130.

Hamon M, Goetz C, Euvrard C, Pasqualini C, Le Dafniet M, Kerdelhue B,
Cesselin F, Peillon F. Biochemical and functional alterations of central GABA
receptors durtng chronic estradiol treatment Brain Research 1983; 279: 141-

152.

Hanner M, Moebius FF, Flandorfer A, Knaus H-G, Striessnig J, Kempner E,
Glossmann H. Purification, molecular cloning, and expression of the
mammalian sigma;-binding site Proceedings of the National Academy of

Science USA 1996; 93: 8072-8077.

108



212.

213.

214.

215.

216.

217.

Harandi M, Aguera M, Gamrani H, Didier M, Maitre M, Calas A, Belin MF. y-
aminobutyric acid and 5-hydroxytryptamine interrelationship in the rat nucleus
raphe dorsalis: combination of radioautographic and immunocytochemical
techniques at light and electron microscopy levels Neuroscience 1987; 21: 237-

251.

Harney SC, Frenguelli BG, Lambert JJ. Phosphorylation influences neurosteroid
modulation of synaptic GABA, receptors in rat CA1 and dentate gyrus

neurones Neuropharmacology 2003; 45: 873-883.

Harris B, Johns S, Fung H, Thomas R, Walker R, Read G, Riad-Fahmy D. The
hormonal environment of post-natal depression British Journal of Psychiatry

1989; 154: 660-667.

Harrison NL, Majewska MD, Harrington JW, Barker JL. Structure-activity
relationships for steroid interaction with the y-aminobutyric acid, receptor
complex The Journal of Pharmacology and Experimental Therapeutics 1987;

241: 346-353.

Hayashi T, Maurice T, Su T-P. Ca’ signaling via o,-receptors: novel regulatory
mechanism affecting intracellular Ca” concentration Journal of Pharmacology

and Experimental Therapeutics 2000; 293: 788-798.

Heidrich A, Schleyer M, Spingler H, Albert P, Knoche M, Fritze J, Lanczik M.

Postpartum blues: relationship between not-protein bound steroid hormones in

109



218.

219.

220.

221.

222.

223.

plasma and postpartum mood changes Journal of Affective Disorders 1994; 30:

93-98.

Henderson AF, Gregoire AJP, Kumar RC, Studd JWW. Treatment of severe
postnatal depression with oestradiol skin patches The Lancet 1991; 338: 816-

817.

Hendrick V, Altshuler LL, Suri R. Hormonal changes in the postpartum and

implications for postpartum depression Psychosomatics 1998; 39: 93-101.

Hensler JG, Durgam H. Regulation of 5-HT  receptor-stimulated [> 5S]-GTPYS
binding as measured by quantitative autoradiography following chronic agonist

administration British Journal of Pharmacology 2001; 132: 605-611.

Herbison AE, Fénelon VS. Estrogen regulation of GABA 4 receptor subunit
mRNA expression in preoptic area and bed nucleus of the stria terminalis of

female rat brain The Journal of Neuroscience 1995; 15: 2328-2337.

Hjorth S, Auerbach SB. 5-HT 4 autoreceptors and the mode of action of
selective serotonin reuptake inhibitors (SSRI) Behavioural Brain Research

1996; 73: 281-283. .

Hjorth S, Bengtsson HJ, Kullberg A, Carlzon D, Peilot H, Auerbach SB.
Serotonin autoreceptor function and antidepressant drug action Journal of

Psychopharmacology 2000; 14: 177-185.

110



224,

225.

226.

227.

228.

229.

230.

Hjorth S, Sharp T. Effect of the 5-HT 4 receptor agonist 8-OH-DPAT on the
release of 5-HT in dorsal and median raphe-innervated rat brain regions as

measured by in vivo microdialysis Life Sciences 1991; 48: 1779-1786.

Holschneider DP, Kumazawa T, Chen K, Shih JC. Tissue-specific effects of

estrogen on nomoamine oxidase A and B in the rat Life Sciences 1998; 63: 155-

160.

Hong W, Werling LL. Evidence that the o, receptor is not directly coupled to G

proteins European Journal of Pharmacology 2000; 408: 117-125.

Hsu F-C, Waldeck R, Faber DS, Smith SS. Neurosteroid effects on GABAergic
synaptic plasticity in hippocampus Journal of Neurophysiology 2003; 89: 1929-

1940.

Hu ZY, Bourreau E, Jung-Testas I, Robel P, Baulieu EE. Neurosteroids:
oligodendrocyte mitochondria convert cholesterol to pregnenolone Proceedings

of the National Academy of Science USA 1987; 84: 8215-8219.

Innis RB, Aghajanian GK. Pertussis toxin blocks 5-HT;s and GABAg receptor-
mediated inhibition of serotonergic neurons European Journal of Pharmacology

1987; 143: 195-204.

Innis RB, Nestler EJ, Aghajanian GK. Evidence for G protein mediation of
serotonin- and GABAg- induced hyperpolarization of rat dorsal raphe neurons

Brain Research 1988; 459: 27-36.

111



231.

232.

233.

234.

235.

236.

237.

Irwin RP, Lin S-Z, Rogawski MA, Purdy RH, Paul SM. Steroid potentiation and
inhibition of N-methyl-D-aspartate receptor-mediated inctracellular CA**
responses: structure-activity studies The Journal of Pharmacology and

Experimental Therapeutics 1994; 271: 677-682.

Iwahashi K, Kawai Y, Suwaki H, Hosokawa K, Ichikawa Y. A localization
study of the cytochrome P-450,;-linked monoxygenase system in adult rat brain

Journal of Steroid Biochemistry and Molecular Biology 1993; 44: 163-169.

Jackson A, Etgen AM. Estrogen modulates 5-HT; agonist inhibition of
lordosis behavior but not binding of [°H]-8-OH-DPAT Pharmacology,

Biochemistry and Behavior 2001; 68: 221-227.

Jackson A, Uphouse L. Prior treatment with estrogen attenuates the effects of
the 5-HT; 4 agonist, 8-OH-DPAT, on lordosis behavior Hormones and Behavior

1996; 30: 145-152.

Jacobs BL, Azmitia EC. Structure and function of the brain serotonin system

Physiology Reviews 1992; 72: 165229.

Jaworska-Feil L, Budziszewska B, Leskiewicz M, Lason W. Effects of some
centrally active drugs on the allopregnanolone synthesis in rat brain Polish

Journal of Pharmacology 2000; 52: 359-365.

Jermain DM, Preece CK, Sykes RL, Kuehl TJ, Sulak PJ. Luteal phase sertraline
treatment for premenstrual dysphoric disorder Archives of Family Medicine

1999; 8: 328-332.

112



238.

239.

240.

241.

242.

243.

244.

Joe I, Ramirez VD. Binding of estrogen and progesterone-BSA conjugates to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the effects of the
free steroids on GAPDH enzyme activity: physiological implications Steroids

2001; 66: 529-538.

Joffe H, Cohen LS. Estrogen, serotonin, and mood disturbance: where is the

therapeutic bridge Biological Psychiatry 1998; 44: 798-811.

Jolas T, Aghajanian GK. Opioids suppress spontaneous and NMDA-induced
inhibitory postsynaptic currents in the dorsal raphe nucleus of the rat in vitro

Brain Research 1997; 755: 229-245.

Jolas T, Haj-Dahmane S, Kidd EJ, Langlois X, Lanfumey L, Fattaccini CM,
Vantalon V, Laporte AM, Adrien J, Gozlan H, Hamon M. Central pre- and
postsynaptic 5-HT) 4 receptors in rats treated chronically with a novel
antidepressant, cericlamine The Journal of Pharmacology and Experimental

Therapeutics 1994; 268: 1432-1443.

Jung-Testas I, Hu ZY, Baulieu EE, Robel P. Neurosteroids: biosynthesis of
pregnenolone and progesterone in primary cultures of rat glial cells

Endocrinology 1989; 125: 2083-2091.

Jung-Testas I, Hu ZY, Baulieu EE, Robel P. Steroid synthesis in rat brain cell

cultures Journal of Steroid Biochemistry 1989; 34: 511-519.

Jussofie A, Komer I, Schell C, Hiemke C. Time course of the effects of steroid

hormone deprivation elicited by ovariectomy or ovariectomy plus

113



245.

246.

247.

248.

249,

250.

adrenalectomy on the affinity and density of GABA binding sites in distinc rat

brain areas Experimental and Clinical Endocrinology 1995; 103: 196-204.

Kalén P, Strecker RE, Rosengren E, Bjérklund A. Regulation of striatal
serotonin release by the lateral habenula-dorsal raphe pathway in the rat as
demonstrated by in vivo microdialysis: role of excitatory amino acids and

GABA Brain Research 1989; 492: 187-202.

Ke F-C, Ramirez VD. Binding of progesterone to nerve cell membranes of rat
brain using progesterone conjugated to '*’I-bovine serum albumin as a ligand

Journal of Neurochemistry 1990; 54: 467-472.

Kelly MJ, Lagrange AH, Wagner EJ, Ronnekleiv OK. Rapid effects of estrogen
to modulate G protein-coupled receptors via activation of protein kinase A and

protein kinase C pathways Steroids 1999; 64: 64-75.

Kelly MJ, Wagner EJ. Estrogen modulation of G-protein-coupled receptors

Trends in Endocrinology and Metabolism 1999; 10: 369-374.

Kelly SJ, Ostrowski NL, Wilson MA. Gender differences in brain and behavior:
hormonal and neural bases Pharmacology, Biochemistry and Behavior 1999;

64: 655-664.

Kessler RC, McGonagle KA, Swartz M, Blazer DG, Nelson CB. Sex and
depression in the National Comorbidity Survey I: lifetime prevalence,

chronicity and recurrence Journal of Affective Disorders 1993; 29: 85-96.

114



251.

252.

253.

254.

255.

256.

Kessler RC, McGonagle KA, Zhao S, Nelson CB, Hughes M, Eshleman S,
Wittchen H-U, Kendler KS. Lifetime and 12-month prevalence of DSM-ITI-R
psychiatric disorders in the united states Archives of General Psychiatry 1994;

51: 8-19.

Kessler RC, Walters EE. Epidemiology of DSM-II-R major depression and
minor depression among adolescents and young adults in the national

comorbidity survey Depression and Anxiety 1998; 7: 3-14.

Khisti RT, Chopde CT. Serotonergic agents modulate antidepressant-like effect
of the neurosteroid 3a-hydroxy-5a-20-one in mice Brain Research 2000; 865:

291-300.

Khisti RT, Chopde CT, Jain SP. Antidepressant-like effect of the neurosteroid
3a-hydroxy-5a-pregnan-20-one in mice fored swim test Pharmacology,

Biochemistry and Behavior 2000; 67: 137-143.

Kimoto T, Asou H, Ohta Y, Mukai H, Chernogolov AA, Kawato S. Digital
fluorescence imaging of elementary steps of neurosteroid synthesis in rat brain
glial cells Journal of Pharmaceutical and Biomedical Analysis 1997; 15: 1231-

1240.

Kimoto T, Tsurugizawa T, Ohta Y, Makino J, Tamura H-O, Hojo Y, Takata N,
Kawato S. Neurosteroid synthesis by cytochrome P450-containing systems
localized in the rat brain hippocampal neurons: N-methyl-D-aspartate and

calcium-dependent synthesis Endocrinology 2001; 142: 3578-3589.

115



257. Klaiber EL, Broverman DM, Vogel W, Kobayashi Y. Estrogen therapy for
severe persistent depressions in women Archives of General Psychiatry 1979;

36: 550-554.

258. Kohchi C, Ukena K, Tsutsui K. Age- and region-specific expressions of the
messenger RNAs encoding for steroidogenic enzymes P450scc, P450c17 and

3B-HSD in the postnatal rat brain Brain Research 1998; 801: 233-238.

259. Kokate TG, Svensson BE, Rogawski MA. Anticonvulsant activity of
neurosteroids: correlation with y-aminobutyric acid-evoked chloride current
potentiation Journal of Pharmacology and Experimental Therapeutics 1994;

270: 1229.

260. Koksma J-J, van Kesteren RE, Rosahl TW, Zwart R, Smit AB, Liidden H,
Brussard AB. Oxytocin regulates neurosteroid modulation of GABA4 receptors
in supraoptic nucleus around parturition The Journal of Neuroscience 2003; 23:

788-797.

261. Komeyev A, Guidotti A, Costa E. Regional and interspecies differences in brain

progesterone metabolism Journal of Neurochemistry 19930; 61: 2041-2047.

262. Kornstein SG. Gender differences in depression: implications for treatment

Journal of Clinical Psychiatry 1997; 58: 12-18.

263. Kornstein SG, Schatzberg AF, Thase ME, Yonkers KA, McCullough JP,

Keitner GI, Gelenberg AJ, Davis SM, Harrison WM, Keller MB. Gender

116



264.

265.

266.

267.

268.

269.

differences in treatment response to sertraline versus imipramine in chronic

depression American Journal of Psychiatry 2000; 157: 1445-1452.

Koyama Y, Kayama Y. Mutual interactions among cholinergic, noradrenergic
and serotonergic neurons studied by ionophoresis of these transmitters in rat

brainstem nuclei Neuroscience 1993; 55: 1117-1126.

Krebs CJ, Jarvis ED, Chan J, Lydon JP, Ogawa S, Pfaff DW. A membrane-
associated progesterone-binding protein, 25-Dx, is regulated by progesterone in
brain regions involved in female reproductive behaviors Proceedings of the

National Academy of Science USA 2000; 97: 12816-12821.

Krieger NR, Scott RG, Jurman ME. Testosterone 5o-reductase in rat brain

Journal of Neurochemistry 1983; 40: 1460-1464.

Kumar R, Robson KM. A prospective study of emotional disorders in

childbearing women British Journal of Psychiatry 1984; 144: 35-47.

Labombarda F, Gonzalez SL, Gonzalez Deniselle MC, Vinson GP, Schumacher
M, De Nicola AF, Guennoun R. Effects of injury and progesterone treatment on
progesterone receptor and progesterone binding protein 25-Dx expression in the

rat spinal cord Journal of Neurochemistry 2003; 87: 902-913.

Labrie F, Luu-The V, Lin S-X, Labrie C, Simard J, Breton R, Bélanger A. The
key role of 17B-hydroxysteroid dehydrogenase in sex steroid biology Steroids

1997; 62: 148-158.

117



270.

271.

272.

273.

274.

275.

276.

Laflamme N, Nappi RE, Drolet G, Labrie C, Rivest S. Expression and
neuropeptidergic characterization of estrogen receptors (ERa and ER[3)
throughout the rat brain: anatomical evidence of distinct roles of each subtype

Journal of Neurobiology 1998; 36: 357-378.

Lagrange AH, Ronnekleiv OK, Kelly MJ. Modulation of G protein-coupled
receptors by an estrogen receptor that activates protein kinase A Molecular

Pharmacology 1997; 51: 605-612.

Lakoski JM. Estrogen-induced modulation of serotonin 5-HT; 5 mediated

responses in the dorsal raphe nucleus (DRN) Pharmacologist 1988; 30: A126.

Lakoski JM. Cellular electrophysiological approaches to the central regulation
of female reproductive aging. In: Neural Control of Reproductive Function,

Alan R. Liss Inc., 1989: 209-220.

Lambert JJ, Belelli D, Hill-Venning C, Peters JA. Neurosteroids and GABA,

receptor function Trends in Pharmacological Sciences 1995; 16: 295-303.

Landry M, Di Paolo T. Effect of chronic estradiol, tamoxifen or raloxifene
treatment on serotonin 5-HT; s receptor Molecular Brain Research 2003; 112:

82-89.

Lanfumey L, Hamon M. Central 5-HT 4 receptors: regional distribution and

functional characteristics Nuclear Medicine & Biology 2000; 27: 429-435.

118



2717.

278.

279.

280.

281.

282.

283.

284.

Lange CA. Making sense of cross-talk between steroid hormone receptors and
intracellular signaling pathways: who will have the last word? Molecular

Endocrinology 2003; 18: 1-28.

Lapin IP, Oxenkrug GF. Intensification of the central serotoninergic processes

as a possible determinant of the thymoleptic effect The Lancet 1969; 132-136.

Lasaga M, Duvilanski BH, Seilicovich A, Afione S, Debeljuk L. Effect of sex
steroids on GABA receptors in the rat hypothalamus and anterior pituitary gland

European Journal of Pharmacology 1988; 155: 163-166.

Le Goascogne C, Robel P, Gouézou M, Sananes N, Baulieu EE, Waterman M.

Neurosteroids: cytochrome P-450scc in rat brain Science 1987; 237: 1212-1215.

Lee HS, Kim M-A, Valentino RJ, Waterhouse BD. Glutamatergic afferent

projections to the dorsal raphe nucleus of the rat Brain Research 2003; 963: 57-

71.

Lee HS, Kim M-A, Valentino RJ, Waterhouse BD. Glutamatergic afferent
projections to the dorsal raphe nucleus of the rat Brain Research 2003; 963: 57-

71.

Leibenluft E, Hardin TA, Rosenthal NE. Gender difference in seasonal affective

disorder Depression 1995; 3: 13-19.

Lemonde S, Turecki G, Bakish D, Du L, Hrdina PD, Bown CD, Sequeira A,

Kushwaha N, Morris SJ, Basak A, Ou X-M, Albert PR. Impaired repression at a

119



285.

286.

287.

288.

289.

290.

5-hydroxytryptaminel A receptor gene polymorphism associated with major

depression and suicide The Journal of Neuroscience 2003; 23: 8788-8799.

Lephart ED. Pituitary and brain 5a-reductase messenger RNA levels in control,
castrated, and dihydrotestosterone-treated rats Molecular and Cellular

Neurosciences 1993; 4: 526-531.

Lephart ED, Lund TD, Horvath TL. Brain androgen and progesterone
metabolizing enzymes: biosynthesis, distribution and function Brain Research

Reviews 2001; 37: 25-37.

Levin ES. Cellular functions of the plasma membrane estrogen receptor Trends

in Endocrinology and Metabolism 1999; 10: 374-377.

Leyton M, Young SN, Pihl RO, Etezadi S, Lauze C, Blier P, Baker GB,
Benkelfat C. Effects of mood on acute phenylalanine/tyrosine depletion in

healthy women Neuropsychopharmacology 2000; 22: 52-63.

Li Q, Muma NA, Van de Kar LD. Chronic fluoxetine induces a gradual
desensitization of 5-HT; 5 receptors: reductions in hypothalamic and midbrain
G; and G, proteins and in neuroendocrine responses to a 5-HT; agonist The

Journal of Pharmacology and Experimental Therapeutics 2003; 279: 1035-1042.

Liu R, Jolas T, Aghajanian GK. Serotonin 5-HT, activate local GABA
inhibitory inputs to serotonergic neurons of the dorsal raphe nucleus Brain

Research 2000; 873: 34-45.

120



291.

292.

293.

294.

295.

296.

297.

Logue CM, Moos RH. Perimenstrual symptoms: prevalence and risk factors

Psychosomatic Medicine 1986; 48: 388-414.

Lasel RM, Falkenstein E, Feuring M, Schultz A, Tillman H-C, Rossol-Haseroth
K, Wehling M. Nongenomic steroid action: controversies, questions, and

answers Physiology Reviews 2003; 893: 965-1016.

Lovelace M, Watson TG, Stephenson GL. Steroid 21-hydroxylase expression in

cultured rat astrocytes Brain Research Bulletin 2003; 61: 609-615.

Lu H, Ozawa H, Nishi M, Ito T, Kawata M. Serotonergic neurones in the dorsal
raphe nucleus that project into the medial preoptic area contain oestrogen

receptor B Journal of Neuroendocrinology 2001; 13: 839-845.

Lu NZ, Bethea CL. Ovarian steroid regulation of 5-HT) 4 receptor binding and
G protein activation in female monkeys Neuropsychopharmacology 2002; 27:

12-24.

Lu NZ, Eshleman AJ, Janowsky A, Bethea CL. Ovarian steroid regulation of
serotonin reuptake transporter (SERT) binding, distribution, and function in

female macaques Molecular Psychiatry 2003; 8: 353-360.

Lu NZ, Shlaes TA, Gundlah C, Dziennis SE, Lyle RE, Bethea CL. Ovarian
steroid action on tryptophan hydroxylase protein and serotonin compared to
localization of ovarian steroid receptors in midbrain of guinea pigs Endocrine

1999; 11: 257-267.

121



298.

299.

300.

301.

302.

303.

Lupardus PJ, Wilke RA, Aydar E, Palmer CP, Chen Y, Ruoho AE, Jackson
MB. Membrane-delimited coupling between sigma receptors and K* channels in
rat neurohypophysial terminals requires neither G-protein nor ATP Journal of

Physiology 2000; 526: 527-539.

Ma ZQ, Bondiolotti GP, Olasmaa M, Violani E, Patrone C, Picotti GB, Maggi
A. Estrogen modulation of catecholamine synthesis and monoamine oxidase A
activity in the human neuroblastoma cell line SK-ER3 Journal of Steroid

Biochemistry and Molecular Biology 1993; 47: 207-211.

Ma ZQ, Violani E, Villa F, Picotti GB, Maggi A. Estrogenic control of
monoamine oxidase A activity in human neuroblastoma cells expressing
physiological concentrations of estrogen receptor European Journal of

Pharmacology 1995; 284: 171-176.

Maes M, De Ruyter M, Hobin P, Suy E. The dexamethasone suppression test,
the Hamilton depression rating scale and the DSM-III depression categories

Journal of Affective Disorders 1986; 10: 207-214.

Majewska MD. Neurosteroids: endogenous bimodal modulators of the GABA 4
receptor. Mechanism of action and physiological significance Progress in

Neurobiology 1992; 38: 379-395.

Majewska MD, Demirgéren S, Spivak CE, London ED. The neurosteroid
dehydroepiandrosterone sulfate is an allosteric antagonist of the GABA 4

receptor Brain Research 1990; 526: 141463.

122



304.

305.

306.

307.

308.

309.

310.

Majewska MD, Ford-Rice F, Falkay G. Pregnancy-induced alterations of
GABA receptor sensitivity in maternal brain: an antecedent of post-partum

"blues"? Brain Research 1989; 482: 397-401.

Majewska MD, Harrison NL, Schwartz RD, Barker JL, Paul SM. Steroid
hormone metabolites are barbiturate-like modulators of the GABA receptor

Science 1986; 232: 1004-1007.

Majewska MD, Mienville J-M, Vicini S. Neurosteroid pregnenolone sulfate
antagonizes electrophysiological responses to GABA in neurons Neuroscience

Letters 1988; 90: 279-284.

Majewska MD, Schwartz RD. Pregnenolone-sulfate: an endogenous antagonist
of the y-aminobutyric acid receptor complex in brain Brain Research 1987; 404:

355-360.

Malayev A, Gibbs TT, Farb DH. Inhibition of the NMDA response by
pregnenolone sulphate reveals subtype selective modulation of NMDA
receptors by sulphated steroids British Journal of Pharmacology 2002; 135: -

901-909.

Manthey D, Heck S, Engert S, Behl C. Estrogen induces a rapid secretion of
amyloid 3 precursor protein via the mitogen-activated protein kinase pathway

European Journal of Biochemistry 2001; 268: 4285-4291.

Marieb EN, Laurendeau G. Anatomie et physiologie humaines. 1993.

123



311.

312.

313.

314.

315.

316.

Martényi F, Dossenbach M, Mraz K, Metcalfe S. Gender differences in the
efficacy of fluoxetine and maprotiline in depressed patients: a double-blind trial
of antidepressants with serotonergic or norepinephrine reuptake inhibition

profile European Neuropsychopharmacology 2001; 11: 227-232.

Martin KF, Hannon S, Phillips I, Heal DJ. Opposing roles for 5-HT)p and 5-HT;
receptors in the control of 5-HT release in rat hippocampus in vivo British

Journal of Pharmacology 1992; 106: 139-142.

Martin WR, Eades CG, Thompson JA, Huppler RE, Gilbert PE. The effects of
morphine- and nalorphine-like drugs in the nondependent and morphine-
dependent chronic spinal dog The Journal of Pharmacology and Experimental

Therapeutics 1976; 197: 517-532.

Martin-Ruiz R, Puig V, Celada P, Shapiro DA, Roth BL, Mengod G, Artigas F.
Control of serotonergic function in medial prefrontal cortex by serotonin-2A
receptors through a glutamate-dependent mechanism The Journal of

Neuroscience 2001; 21: 9856-9866.

Martinez-Mota L, Contreras CM, Saavedra M. Progesterone reduces immobility

in rats forced to swim Archives of Medical Research 1999; 30: 286-289.

Marvan ML, Chavez-Chavez L, Santana S. Clomipramine modifies fluctuations
of forced swimming immobility in different phases of the rat estrous cycle

Archives of Medical Research 1996; 27: 83-86.

124



317.

318.

319.

320.

321.

Marvan ML, Santana S, Chavez-Chavez L, Bertran M. Inescapable shocks
accentuate fluctuations of forced swimming immobility in different phases of

the rat estrous cycle Archives of Medical Research 1997; 28: 369-372.

Marwaha W, Aghajanian GK. Relative potencies of alpha-1 and alpha-2
antagonists in the locus ceruleus, dorsal raphe and dorsal lateral geniculate
nuclei: an electrophysiologiéal study Journal of Pharmacology and

Experimental Therapeutics 1982; 222: 287-293.

Mascia MP, Biggio F, Mancuso L, Cabras S, Cocco PL, Gorini G, Manca A,
Marra C, Purdy RH, Follesa P, Biggio G. Changes in GABA, receptor gene
expression induced by withdrawal of, but not by long-term exposure to,
ganaxolone in cultured rat cerebellar cells The J ournal of Pharmacology and

Experimental Therapeutics 2002; 303: 1-7.

Maswood N, Uphouse L. Modulation of the behavioral effects of 8-OH-DPAT
by estrogen and DOI Pharmacology, Biochemistry and Behavior 1997; 58: 859-

866.

Mathis C, Vogel E, Cagniard F, Criscuolo F, Ungerer A. The neurosteroid
pregnenolone sulfate blocks deficits induced by a competitive NMDA
antagonist in active avoidance and lever-press learning tasks in mice

Neuropharmacology 1996; 35: 1057-1064.

125



322.

323.

324.

325.

326.

327.

328.

Maurice T, Junien J-L, Privat A. Dehydroepiandrosterone sulfate attenuates
dizocilpine-induced learning impairment in mice via o;-receptors Behavioural

Brain Research 1997; 83: 159-164.

Maurice T, Privat A. SA4503, a novel cognitive enhancer with ¢, receptor
agonist properties, facilitates NMDA receptor-dependent learning in mice

European Journal of Pharmacology 1997; 328: 9-18.

Maurice T, Roman FJ, Privat A. Modulation by neurosteroids of the in vivo (+)-
[’H]SKF-10,047 binding to &, receptors in the mouse forebrain Journal of

Neuroscience Research 1996; 46: 734-743.

Maurice T, Su T-P, Privat A. Sigma (o)) receptor agonists and neurosteroids
attenuate B,s_3s-amyloid peptide-induced amnesia in mice through a common

mechanism Neuroscience 1998; 83: 413-428.

McCann DJ, Su T-P. Solubilization and characterization of haloperidol-
sensitive (+)-["H]SKF-10,047 binding sites (sigma sites) from rat liver
membranes Journal of Pharmacology and Experimental Therapeutics 1991;

257: 547-554.

McCann DJ, Weissman AD, Su T-P. Sigma-1 and sigma-2 sites in rat brain:
comparison of regional, ontogenetic, and subcellular patterns Synapse 1994; 17:

182-189.

McLean S, Weber E. Autoradiographic visualization of haloperidol-sensitive

sigma receptors in guinea-pig brain Neuroscience 1988; 25: 259-269.

126



329.

330.

331.

332.

333.

334.

335.

McQueen JK, Wilson H, Fink G. Estradiol-17f increases serotonin transporter
(SERT) mRNA levels and the density of SERT-binding sites in female rat brain

Molecular Brain Research 1997; 45: 13-23.

McQueen JK, Wilson H, Sumner BEH, Fink G. Serotonin transporter (SERT)
mRNA and binding site densities in male rat brain affected by sex steroids

Molecular Brain Research 1999; 63: 241-247.

Mehta AK, Ticku MK. An update on GABA, receptors Brain Research

Reviews 1999; 29: 196-217.

Mehta AK, Ticku MK. unsulfated and sulfated neurosteroids differentially
modulate the binding characteristics of various radioligands of GABA4
receptors following chronic ethanol administration Neuropharmacology 2001;

40: 668-675.

Melcangi RC, Celotti F, Ballabio M, Castano P, Massarelli R, Poletti A, Martini
L. Sa-reductase activity in isolated and cultured neuronal and glial cells of the

rat Brain Research 1990; 516: 229-236.

Melcangi RC, Celotti F, Castano P, Martini L. Differential localization of the
Sa-reductase and the 3a-hydroxysteroid dehydrogenase in neuronal and glial

cultures Endocrinology 1993; 132: 1252-1259.

Melcangi RC, Celotti F, Martini L. Progesterone 5-o-reduction in neuronal and

in different types of glial cell cultures: type 1 and 2 astrocytes and

oligodendrocytes Brain Research 1994; 639: 202-206.

127



336.

337.

338.

339.

340.

341.

Melke J, Westberg L, Landén M, Sundblad C, Eriksson O, Baghei F, Rosmond
R, Eriksson E, Ekman A. Serotonin transporter gene polymorphism and platelet
[*H]paroxetine binding in premenstrual dysphoria Psychoneuroendocrinology

2003; 28: 446-458.

Mellon SH, Deschepper CF. Neurosteroid biosynthesis: genes for adrenal
steroidogenic enzymes are expressed in the brain Brain Research 1993; 629:

283-292.

Mendelson SD, McKittrick CR, McEwen BS. Autoradiographic analyses of the
effects of estradiol benzoate on [*H]paroxetine binding in the cerebral cortex
and dorsal hippocampus of gonadectomized male and female rats Brain

Research 1993; 601: 299-302.

Menkes DB, Coates DC, Fawcett JP. Acute tryptophan depletion aggravates

premenstrual syndrome Journal of Affective Disorders 1994; 32: 37-44.

Mermelstein PG, Becker JB, Surmeier DJ. Estradiol reduces calcium currents in
rat neostriatal neurons via a membrane receptor The Journal of Neuroscience

1996; 16: 595-604.

Meyer DA, Carta M, Partridge LD, Covey DF, Valenzuela CF. Neurosteroids
enhance spontaneous glutamate release in hippocampal neurons. Possible role
of metabotropic o1-like receptors The Journal of Biological Chemistry 2002;

277:28725-28732.

128



342.

343.

344,

345.

346.

Meyer JH, Kapur S, Houle S, DaSilva J, Owczarek B, Brown GM, Wilson AA,
Kennedy SH. Prefrontal cortex 5-HT, receptors in depression: an
['®F]setoperone PET imaging study American Journal of Psychiatry 1999; 156:

1029-1034.

Michel MC, Rother A, Hiemke C, Ghraf R. Inhibition of synaptosomal high-
affinity uptake of dopamine and serotonin by estrogen agonists and antagonists

Biochemical Pharmacology 1987; 36: 3175-3180.

Mienville J-M, Vicini S. Pregnenolone sulfate antagonizes GABA, receptor-
mediated currents via a reduction of channel opening frequency Brain Research

1989; 489: 190-194.

Mihalek RM, Banerjee PK, Korpi ER, Quinlan JJ, Firestone LL, Mi Z-P,
Lagenaur C, Tretter V, Sieghart W, Anagnostaras SG, Sage JR, F anselow MS,
Guidotti A, Spigelman I, Li Z, DeLorey TM, Olsen RW, Homanics GE.
Attenuated sensitivity to neuroactive steroids in y-aminobutyrate type A
receptor delta subunit knockout mice Proceedings of the National Academy of

Science USA 1999; 96: 12905-12910.

Milner TA, McEwen BS, Hayashi S, Li CJ, Reagan LP, Alves SE.
Ultrastructural evidence that hippocampal alpha estrogen receptors are located
at extranuclear sites The Journal of Comparative Neurology 2001; 429: 355-

371.

129



347.

348.

349.

350.

351.

Minabe Y, Matsuno K, Ashby CR. Acute and chronic administration of the
selective sgima; receptor agonist SA4503 significantly alters the activity of
midbrain dopamine neurons in rats: an in vivo electrophysiological study

Synapse 1999; 33: 129-140.

Miquel M-C, Doucet E, Boni C, El Mestikawy S, Matthiessen L, Daval G,
Verge D, Hamon M. Central serotonin; s receptors: respective distributions of
encoding mRNA, receptor protein and binding sites by in situ hybridization
histochemistry, radioimmunohistochemistry and autoradiographic mapping in

the rat brain Neurochemistry International 1991; 19: 453-465.

Mitra SW, Hoskin E, Yudkovitz J, Pear L, Wilkinson HA, Hayashi S, Pfaff
DW, Ogawa S, Rohrer SP, Schaeffer JM, McEwen BS, Alves SE.

Immunolocalization of estrogen receptor f3 in the mouse brain: comparison with

estrogen receptor o Endocrinology 2003; 144: 2055-2067.

Mize AL, Alper RH. Acute and long-term effects of 17B-estradiol on Gy
coupled neurotransmitter receptor function in the female rat brain as assessed by

agonist-stimulated [*>S]GTPyS binding Brain Research 2000; 859: 326-333.

Mize AL, Alper RH. Rapid uncoupling of serotonin-1A receptors in rat
hippocampus by 17p-estradiol in vitro requires portein kinases A and C

Neuroendocrinology 2002; 76: 339-347.

130



352.

353.

354.

355.

356.

357.

358.

Mize AL, Poisner AM, Alper RH. Estrogens act in rat hippocampus and frontal
cortex to produce rapid, receptor-mediated decreases in serotonin 5-HTa

receptor function Neuroendocrinology 2001; 73: 166-174.

Moebius FF, Striessnig J, Glossmann H. The mysteries of sigma receptors: new
family members reveal a role in cholesterol synthesis Trends in

Pharmacological Sciences 1997; 18: 67-70.

Monnet FP, Morin-Surun MP, Leger J, Combettes L. Protein kinase C-
dependent potentiation of intracellular calcium influx by o, receptor agonists in

rat hippocampal neurons The Journal of Pharmacology and Experimental

Therapeutics 2003; 307: 705-712.

Monteleone P, Luisi S, Tonetti A, Bernardi F, Genazzani AD, Luisi M,
Petraglia F, Genazzani AR. Allopregnanolone concentrations and premenstrual

syndrome European Journal of Endocrinology 2000; 142: 269-273.

Moran MH, Goldberg M, Smith SS. Progesterone withdrawal II: insensitivity to

the sedative effects of a benzodiazepine Brain Research 1998; 807: 91-100.

Moran MH, Smith SS. Progesterone withdrawal I: pro-convulsant effects Brain

Research 1998; 807: 84-90.

Morin-Surun MP, Collin T, Denavit-Saubié M, Baulieu E-E, Monnet FP.
Intracellular o, receptor modulates phospholipase C and protein kinase C

activities in the brainstem Proceedings of the National Academy of Science

USA 1999; 96: 8196-8199.

131



359.

360.

361.

362.

363.

364.

Morrow AL, Pace JR, Purdy RH, Paul SM. Characterization of steroid
interactions with y-aminobutyric acid receptor-gated chloride ion channels:
evidence for multiple steroid recognition sites Molecular Pharmacology 1989;

37:263-270.

Morrow AL, Suzdak PD, Paul SM. Steroid hormone metabolites potentiate
GABA receptor-mediated chloride ion flux with nanomolar potency European

Journal of Pharmacology 1987; 142: 483-485.

Moses EL, Drevets WC, Smith G, Mathis CA, Kalro BN, Butters MA,
Leondires MP, Greer PJ, Lopresti B, Loucks TL, Berga SL. Effects of estradiol
and progesterone administration on human serotonin 2A receptor binding: a

PET study Biological Psychiatry 2000; 48: 854-860.

Moses-Kolko EL, Berga SL, Greer PJ, Smith G, Meltzer CC, Drevets WC.
Widespread increases of cortical serotonin type 2A receptor availability after
hormone therapy in euthymic postmenopausal women Fertility and Sterility

2003; 80: 554-559.

Moss RL, Gu Q. Estrogen: mechanisms for a rapid action in CA1 hippocampal

neurons Steroids 1999; 64: 14-21.

Moss RL, Gu Q, Wong M. Estrogen: nontranscriptional signaling pathway

Recent Progress in Hormone Research 1997; 52: 33-68.

132



365.

366.

367.

368.

369.

370.

371.

Mtchedlishvili Z, Kapur J. A presynaptic action of the neurosteroid
pregnenolone sulfate on GABAeric synaptic transmission Molecular

Pharmacology 2003; 64: 857-864.

Murphy AZ, Shupnik MA, Hoffman GE. Androgen and estrogen (o) receptor
distribution in the periaqueductal gray of the male rat Hormones and Behavior

1999; 36: 98-108.

Nabekura J, Oomura Y, Minami T, Mizuno Y, Fukuda A. Mechanism of the
rapid effect of 17B-estradiol on medial amygdala neurons Science 1986; 233:

226-228.

Nadal A, Diaz M, Valverde MA. The estrogen trinity: membrane, cytosolic, and

nuclear effects News in Physiological Sciences 2001; 16: 251-255.

Nappi RE, Petraglia F, Luisi S, Polatti F, Farina C, Genazzani AR. Serum
allopregnanolone in women with postpartum "blues" Obstetrics and

Gynecology 2001; 97: 77-80.

Negri-Cesi P, Melcangi RC, Celotti F, Martini L. Aromatase activity in cultured
brain cells: difference between neurons and glia Brain Research 1992; 589: 327-

332.

Nishikawa T, Scatton B. Inhibitory influence of GABA on central serotonergic
transmission. Raphé nuclei as the neuroanatomical site of the GABAergic

inhibition of cerebral serotonergic neurons Brain Research 1985; 331: 91-103.

133



372. Nishizawa S, Benkelfat C, Young SN, Leyton M, Mzengeza S, de Montigny C,
Blier P, Diksic M. Differences between males and females in rates of serotonin
synthesis in human brain Proceedings of the National Academy of Science USA

1999; 94: 5308-5313.

373. Noda Y, Kamei H, Kamei Y, Nagai T, Nishida M, Nabeshima T. Neurosteroids
ameliorate conditioned fear stress: an association with sigma, receptors

Neuropsychopharmacology 2000; 23: 276-284.

374. Nolen-Hoeksema S. Sex differences in unipolar depression: evidence and theory

Psychological Bulletin 1987; 101: 259-282.

375. Nomura M, Korach KS, Pfaff DW, Ogawa S. Estrogen receptor § (ERP) protein
levels in neurons depend on estrogen receptor o (ERat) gene expression and on

its ligand in a brain region-specific manner Molecular Brain Research 2003;

110: 7-14.

376. Nuwayhid SJ, Werling LL. Steroids modulate N-methyl-D-aspartate-stimulated
[’H]dopamine release from rat striatum via o receptors The J ournal of

Pharmacology and Experimental Therapeutics 2003; 306: 934-940.

377. Nuwayhid SJ, Werling LL. o, receptor agonist-mediated regulation of N-
methyl-D-aspartate-stimulated [*H]dopamine release is dependent upon protein
kinase C The Journal of Pharmacology and Experimental Therapeutics 2003;

304: 364-369.

134



378. O'Hara MW. Social support, life events, and depression during pregnancy and

the puerperium Archives of General Psychiatry 1986; 43: 569-573.

379. O'Hara MW, Neunaber DJ, Zekoski EM. Prospective study of postpartum
depression: prevalence, course, and predictive factors J ournal of Abnormal

Psychology 1984; 93: 158-171.

380. O'Hara MW, Schlechte JA, Lewis DA, Varner MW. Controlled prospective
study of postpartum mood disorders: psychological, environmental, and

hormonal variables Journal of Abnormal Psychology 1991; 100: 63-73.

381. O'Hara MW, Zekoski EM, Philipps LH, Wright EJ. Controlled prospective
study of postpartum mood disorders: comparison of childbearing and

nonchildbearing women Journal of Abnormal Psychology 1990; 99: 3-15.

382. Okada M, Hayashi N, Kometani M, Nakao K, Inukai T. Influences of
ovariectomy and continuous replacement of 17B-estradiol on the tail skin
temperature and behavior in the forced swimming test in rats Japanese Journal

of Pharmacology 1997; 73: 93-96.

383. Ortega-Corona BG, Valencia-Sanchez A, Kubli-Garfias C, Anton-Tay F,
Salazar LA, Villarreal JE, Ponce-Montier H. Hypothalamic monoamine oxidase
activity in ovariectomized rats after sexual behavior restoration Archives of

Medical Research 1994; 25: 337-340.

135



384. Osterlund MK, Halldin C, Hurd YL. Effects of chronic 17B-estradiol treatment
on the serotonin 5-HT;4 receptor mRNA and binding levels in the rat brain

Synapse 2000; 35: 39-44.

385. Osterlund MK, Hurd YL. Acute 17B-estradiol treatment down-regulates
serotonin SHT A receptor mRNA expression in the limbic system of female rats

Molecular Brain Research 1998; 55: 169-172.

386. Osterlund MK, Overstreet DH, Hurd YL. The Flinders Sensitive Line rats, a
genetic model of depression, show abnormal serotonin receptor mRNA
expression in the brain that is reversed by 17[-estradiol Molecular Brain

Research 1999; 74: 158-166.

387. Owens MJ. Molecular and cellular mechanisms of antidepressant drugs

Depression and Anxiety 1996; 4: 153-159.

388. Pajer KP. New strategies in the treatment of depression in women J ournal of

Clinical Psychiatry 1995; 56: 30-37.

389. Papadopoulos V, Brown AS. Role of the peripheral-type benzodiazepine
receptor and the polypeptide diazepam binding inhibitor in steroidogenesis

Journal of Steroid Biochemistry and Molecular Biology 1995; 53: 103-110.

390. Pappas TC, Gametchu B, Watson CS. Membrane estrogen receptors identified
by multiple antibody labeling and impeded-ligand binding The FASEB Journal

1995; 9: 404-410.

136



391.

392.

393.

394.

395.

396.

Park-Chung M, Malayev A, Purdy RH, Gibbs TT, Farb DH. Sulfated and
unsulfated steroids modulate y-aminobutyric acida receptor function through

distinct sites Brain Research 1999; 830: 72-87.

Park-Chung M, Wu F-S, Farb DH. 30-hydroxy-5p-pregnan-20-one sulfate: a
negative modulator of the NMDA -induced current in cultured neurons

Molecular Pharmacology 1994; 46: 146-150.

Park-Chung M, Wu F-S, Purdy RH, Malayev AA, Gibbs TT, Farb DH. Distinct
sites for inverse modulation of N-methyl-D-aspartate receptors by sulfated

steroids Molecular Pharmacology 1997; 52: 1113-1123.

Parry BL. Reproductive factors affecting the course of affective illness in

women Psychiatric Clinics of North America 1989; 12: 207-220.

Parsey RV, Oquendo MA, Simpson NR, Ogden RT, Van Heertum R, Arango V,

Mann JJ. Effects of sex, age, and aggressive traits in man on brain serotonin 5-

'HT, » receptor binding potential measured by PET using [C-11]WAY-100635

Brain Research 2002; 954: 173-182.

Pau K-Y, Hess DL, Kohama S, Bao CY, Spies HG. Oestrogen upregulates
noradrenaline release in the mediobasal hypothalamus and tyrosine hydroxylase
gene expression in the brainstem of ovariectomized rhesus macaques Journal of

Neuroendocrinology 2000; 12: 899-909.

137



397.

398.

399.

400.

401.

402.

403.

Pearlstein TB. Hormones and depression: what are the facts about premenstrual
syndrome, menopause, and hormone replacement therapy American Journal of

Obstetrics and Gynecology 1995; 175: 646-653.

Pearlstein TB, Stone AB, Lund SA, Scheft H, Zlotnick C, Brown W.
Comparison of fluoxetine, bupropion, and placebo in the treatment of
premenstrual dysphoric disorder Journal of Clinical Psychopharmacology 1997;

17: 261-266.

Pecins-Thompson M, Bethea CL. Ovarian steroid regulation of serotonin-1A
autoreceptor messenger RNA expression in the dorsal raphe of rhesus macaques

Neuroscience 1999; 89: 267-277.

Pecins-Thompson M, Brown NA, Bethea CL. Regulation of serotonin reuptake
transporter mRNA expression by ovarian steroids in rhesus macaques Molecular

Brain Research 1998; 53: 120-129.

Pecins-Thompson M, Brown NA, Kohama SG, Bethea CL. Ovarian steroid
regulation of tryptophan hydroxylase mRNA expression in rthesus macaques

The Journal of Neuroscience 1996; 16: 7021-7029.

Pelletier G, Luu-The V, Labrie F. Immunocytochemical localization of type I
17B-hydroxysteroid dehydrogenase in the rat brain Brain Research 1995; 704:

233-239.

Pelletier G, Luu-The V, Labrie F. Immunocytochemical localization of 5o-

reductase in rat brain Molecular and Cellular Neurosciences 1994; 5: 394-399.

138



404.

405.

406.

407.

408.

409.

410.

Perez J, Zucchi I, Maggi A. Sexual dimorphism in the response of the
GABAergic system to estrogen administration Journal of Neurochemistry 1986;

47: 1798-1803.

Peters JA, Kirkness EF, Callachan H, Lambert JJ, Turner AJ. Modulation of the
GABA 4 receptor by depressant barbiturates and pregnane steroids British

Journal of Pharmacology 1988; 94: 1257-1269.

Peyron C, Luppi P-H, Fort P, Rampon C, Jouvet M. Lower brainstem
catecholamine afferents to the rat dorsal raphe nucleus The Journal of

Comparative Neurology 1996; 364: 402-413.

Peyron C, Petit J-M, Rampon C, Jouvet M, Luppi P-H. Forebrain afferents to
the rat dorsal raphe nucleus demonstrated by retrograde and anterograde tracing

methods Neuroscience 19980; 82: 443-468.

Phan V-L, Su T-P, Privat A, Maurice T. Modulation of steroidal levels by
adrenalectomy/castration and inhibition of neurosteroid synthesis enzymes
affect o) receptor-mediated behaviour in mice European Journal of

Neuroscience 1999; 11: 2385-2396.

Phan V-L, Urani A, Romieu P, Maurice T. Strain differences in 6 receptor-
mediated behaviours are related to neurosteroid levels European Journal of

Neuroscience 2002; 15: 1523-1534.

Pifieyro G, Blier P. Autoregulation of serotonin neurons: role in antidepressant

drug action Pharmacological Reviews 1999; 51: 533-591.

139



411.

412.

413.

414.

415.

416.

Pifieyro G, Blier P, Dennis T, de Montigny C. Desensitization of the neuronal 5-
HT carrier following its long-term blockade The Journal of Neuroscience 1994;

14: 3036-3047.

Pirker S, Schwarzer C, Wieselthaler A, Sieghart W, Sperk G. GABA,
receptors: immunocytochemical distribution of 13 subunits in the adult rat brain

Neuroscience 2000; 101: 815-850.

Porcello DM, Huntsman MM, Mihalek RM, Homanics GE, Huguenard JR.
Intact synaptic GABAergic inhibition and altered neurosteroid modulation of
thalamic relay neurons in mice lacking & subunit Journal of Neurophysiology

2003; 89: 1378-1386.

Porsolt RD, Anton G, Blavet N, Jalfre M. Behavioural despair in rats: a new
model sensitive to antidepressant treatments European Journal of Pharmacology

1978; 47: 379-391.

Prasad A, Imamura M, Prasad C. Dehydroepiandrosterone decreases behavioral
despair in high- but not low-anxiety rats Physiology and Behavior 1997; 62:

1053-1057.

Pudovkina OL, Cremers TIFH, Westerink BHC. Regulation of the release of
serotonin in the dorsal raphe nucleus by a; and a; adrenoceptors Synapse 2003;

50: 77-82.

140



417.

418.

419.

420.

421.

422.

Pudovkina OL, Cremers TIFH, Westerink BHC. The interaction between the
locus coeruleus and dorsal raphe nucleus studied with dual-probe microdialysis

European Journal of Pharmacology 2002; 445: 37-42.

Puia G, Santi MR, Vicini S, Pritchett DB, Purdy RH, Paul SM, Seeburg PH,
Costa E. Neurosteroids act on recombinant human GABA 4 receptors Neuron

1990; 4: 759-765.

Purdy RH, Morrow AL, Blinn JR, Paul SM. Synthesis, metabolism, and
pharmacological activity of 3a-hydroxy steroids which potentiate GABA-
receptor-mediated chloride ion uptake in rat cerebral cortical

synaptoneurosomes Journal of Medical Chemistry 1990; 33: 1572-1581.

Qiu J, Bosh MA, Tobias SC, Grandy DK, Scanlan TS, Ronnekleiv OK, Kelly
MJ. Rapid signaling of estrogen in hypothalamic neurons involves a novel G-
protein-coupled estrogen receptor that activates protein kinase C The Journal of

Neuroscience 2003; 23: 9529-9540.

Quirion R, Bowen WD, Ttzhak Y, Junien J-L, Musacchio JM, Rothman RB, Su
T-P, Tam W, Taylor DP. A proposal for the classification of sigma binding sites

Trends in Pharmacological Sciences 1992; 13: 85-80.

Raap DK, DonCarlos L, Garcia F, Muma NA, Wolf WA, Battaglia G, Van de
Kar LD. Estrogen desensitizes 5-HT4 receptors and reduces levels of G;, Gii

and G;3 proteins in the hypothalamus Neuropharmacology 2000; 39: 1823-1832.

141



423.

424.

425.

426.

427.

428.

Raap DK, DonCarlos LL, Garcia F, Zhang Y, Muma NA, Battaglia G, Van de
Kar LD. Ovariectomy-induced increases in hypothalamic serotonin-1A receptor
function in rats are prevented by estradiol Neuroendocrinology 2002; 76: 348-

356.

Racagni G, Brunello N. Physiology to functionality: the brain and
neurotransmitter activity International Journal of Psychopharmacology 1999;

14: S3-S7.

Rachman IM, Unnerstall JR, Pfaff DW, Cohen RS. Estrogen alters behavior and
forebrain c-fos expression in ovariectomized rats subjected to the forced swim

test Proceedings of the National Academy of Science USA 1998; 95: 13941-

13946.

Rajkowski KM, Robel P, Baulieu EE. Hydroxysteroid sulfotransferase activity
in the rat brain and liver as a function of age and sex Steroids 1997; 62: 427-

436.

Ramamoorthy S, Blakely RD. Phosphorylation and sequestration of serotonin
transporters differentially modulated by psychostimulants Science 1999; 285:

763-766.

Rapkin AJ, Morgan M, Goldman L, Brann DW, Simone D, Mahesh VB.
Progesterone metabolite allopregnanolone in women with premenstrual

syndrome Obstetrics and Gynecology 1997; 90: 709-714.

142



429.

430.

431.

432.

433.

434.

Rasgon N, McGuire M, Tanavoli S, Fairbanks L, Rapkin A. Neuroendocrine
response to an intravenous L-tryptophan challenge in women with premenstrual

syndrome Fertility and Sterility 2000; 73: 144-149.

Rasgon N, Serra M, Biggio G, Pisu MG, Fairbanks L, Tanavoli S, Rapkin A.
Neuroactive steroid-serotonergic interaction: responses to an intravenous L-
tryptophan challenge in women with premenstrual syndrome European Journal

of Endocrinology 2001; 145: 25-33.

Razandi M, Pedram A, Greene GL, Levine ES. Cell membrane and nuclear
estrogen receptors (ERs) originate from a single transcript: studies of ERa and
ERP expressed in chinese hamster ovary cells Molecular Endocrinology 1999;

13: 307-319.

Reddy DS, Kaur G, Kulkarni SK. Sigma (o) receptor mediated anti-depressant-
like effects of neurosteroids in the Porsolt forced swim test NeuroReport 1998;

9: 3069-3073.

Reddy DS, Rogawski MA. Enhanced anticonvulsant activity of ganaxolone
after neurosteroid withdrawal in a rat model of catamenial epilepsy The Journal

of Pharmacology and Experimental Therapeutics 2000; 294: 909-915.

Regier DA, Boyd JH, Burke JD, Rae DS, Myers JK, Kramer M, Robins LN,
George LK, Karno M, Locke BZ. One-month prevalence of mental disorders in

the united states Archives of General Psychiatry 1988; 45: 977-986.

143



435.

436.

437.

438.

439.

440.

Rehavi M, Attali G, Gil-Ad I, Weizman A. Suppression of serum gonadal
steroids in rats by chronic treatment with dopamine and serotonin reuptake

inhibitors European Neuropsychopharmacology 2000; 10: 154-150.

Reith CA, Sillar KT. Pre- and postsynaptic modulation of spinal GABAergic
neurotransmission by the neurosteroid, 5p-pregnan-3a-ol-20-one Brain

Research 1997; 770: 202-212.

Riad M, Garcia S, Watkins KC, Jodoin N, Doucet E, Langlois X, El Mestikawy
S, Hamon M, Descarries L. Somatodendritic localization of 5-HT1A and
preterminal axonal localization of SHT1B serotonin receptors in adult rat brain

The Journal of Comparative Neurology 2000; 417: 181-194.

Riad M, Watkins KC, Doucet E, Hamon M, Descarries L. Agonist-induced
internalization of serotoni-1A receptors in the dorsal raphe nucleus
(autoreceptors) but not hippocampus (heteroreceptors) The Journal of

Neuroscience 2001; 21: 8378-8386.

Robins LN, Helzer JE, Weissman MM, Orvaschel H, Gruenberg E, Burke JD,
Regier DA. Lifetime prevalence of specific psychiatric disorders in three sites

Archives of General Psychiatry 1984; 41: 949-958.

Romeo E, Stréhle A, Spalietta G, di Michele F, Hermann B, Holsboer F, Pasini
A, Rupprecht R. Effects of antidepressant treatment on neuroactive steroids in

major depression American Journal of Psychiatry 1998; 155: 910-913.

144



441,

442.

443.

444.

445.

446.

Romero G, Pérez MP, Carceller A, Monroy X, Farré AJ, Guitart X. Changes in
phosphoinositide signalling activity and levels of the alpha subunit of Gg/11
protein in rat brain induced by E-5842, a sigma, receptor ligand and potential

atypical antipsychotic Neuroscience Letters 2000; 290: 189-192.

Romero L, Celada P, Artigas F. Reduction of in vivo striatal 5-
hydroxytryptamine release by 8-OH-DPAT after inactivation of Gi/G, proteins

in dorsal raphe nucleus European Journal of Pharmacology 1994; 265: 103-106.

Romieu P, Martin-Fardon R, Bowen WD, Maurice T. o, receptor-related

neuroactive steroids modulate cocaine-induced reward The J ournal of

Neuroscience 2003; 23: 3572-3576.

Roselli CE, Horton LE, Resko JA. Distribution and regulation of aromatase
activity in the rat hypothalamus and limbic system Endocrinology 1985; 117:

2471-2477.

Roselli CE, Resko JA. Aromatase activity in the rat brain: hormonal regulation
and sex differences Journal of Steroid Biochemistry and Molecular Biology

1993; 44: 499-508.

Rosin DL, Zeng D, Stornetta RL, Norton FR, Riley T, Okusa MD, Guyenet PG,
Lynch KR. Immunohistochemical localization of aza-adrenergic receptors in
catecholaminergic and other brainstem neurons in the rat Neuroscience 1993;

56: 139-155.

145



447.

448.

449,

450.

451.

452.

453.

Rouquier L, Claustre Y, Benavides J. a;-adrenoceptor antagonists differentially
control serotonin release in the hippocampus and striatum: a microdialysis study

European Journal of Pharmacology 1994; 261: 59-64.

Rubinow DR, Hoban C, Grover GN, Galloway DS, Roy-Byrne P, Andersen R,
Merriam GR. Changes in plasma hormones across the menstrual cycle in
patients with menstrually related mood disorder and in control subjects

American Journal of Obstetrics and Gynecology 1988; 158: 5-11.

Rubinow DR, Roy-Byrne P, Hoban C, Gold PW, Post RM. Prospective
assessment of menstrually related mood disorders American Journal of

Psychiatry 1984; 141: 684-686.

Rupprecht R. The neuropsychopharmacological potential of neuroactive

steroids Journal of Psychiatric Research 1997; 31: 297-314.

Rupprecht R, di Michele F, Hermann B, Stréhle A, Lancel M, Romeo E,
Holsboer F. Neuroactive steroids: molecular mechanisms of action and
implications for neuropsychopharmacology Brain Research Reviews 2001; 37:

59-67.

Rupprecht R, Holsboer F. Neuroactive steroids: mechanisms of action and

neuropharmacological perspectives Trends in Neuroscience 1999; 22: 410-416.

Rupprecht R, Reul JMHM, Trapp T, van Steensel B, Wetzel C, Damm K,
Holsboer F. Progesterone receptor-mediated effects of neuroactive steroids

Neuron 1993; 11: 523-530.

146



454,

455.

456.

457.

458.

459.

Saavedra JM, Grobecker H, Zivin J. Catecholamines in the raphe nuclei of the

rat Brain Research 1976; 114: 339-345.

Salamanca S, Uphouse L. Estradiol modulation of the hyperphagia induced by
the 5-HT14 agonist, 8-OH-DPAT Pharmacology, Biochemistry and Behavior

1992; 43: 953-955.

Sanghera MK, Simpson ER, McPhaul MJ, Kozlowski G, Conley AJ, Lephart
ED. Immunocytochemical distribution of aromatase cytochrome P450 in the rat
brain using peptide-generated polyclonal antibodies Endocrinology 1991; 129:

2834-2844.

Sanne J-L, Krueger KE. Expression of cytochrome P450 side-chain cleavage
enzyme and 3B-hydroxysteroid dehydrogenase in the rat central nervous system:
a study by polymerase chain reaction and in situ hybridization Journal of

Neurochemistry 1995; 65: 528-536.

Sargent PA, Kjaer KH, Bench CJ, Rabiner EA, Messa C, Meyer J, Gunn RN,
Grasby PM, Cowen PJ. Brain serotonin; 5 receptor binding measured by positron
emission tomography with ["'C]WAY-100635 Archives of General Psychiatry

2000; 57: 174-179.

Sato K, Kiyama H, Tohyama M. The differential expression patterns of
messenger RNAs encoding non-N-methyl-D-aspartate glutamate receptor

subunits GluR1-4) in the rat brain Neuroscience 1993; 52: 515-539.

147



460.

461.

462.

463.

464.

465.

Sato K, Matsuki N, Ohno Y, Nakazawa K. Estrogens inhibit L-glutamate uptake
activity of astrocytes via membrane estrogen receptor o Journal of

Neurochemistry 2003; 86: 1498-1505.

Sato K, Mick G, Kiyama H, Tohyama M. Expression patterns of a glutamate-
binding protein in the rat central nervous system: comparison with N-mehtyl-D-

aspartate receptor subunit 1 in rat Neuroscience 1995; 64: 459-475.

Scatton B, Serrano A, Rivot JP, Nishikawa T. Inhibitory GABAergic influence
on striatal serotonergic transmission exerted in the dorsal raphe as revealed by

in vivo voltammetry Brain Research 1984; 305: 343-352.

Schmidt BMW, Gerdes D, Feuring M, Falkenstein E, Christ M, Wehling M.
Rapid, nongenomic steroid actions: a new age? Frontiers in

Neuroendocrinology 2000; 21: 57-94.

Schmidt PJ, Nieman LK, Danaceau M, Adams LF, Rubinow DR. Differential
behavioral effects of gonadal steroids in women with and in those without

premenstrual syndrome The New England Journal of Medicine 1998; 338: 209-

216.

Schmidt PJ, Nieman LK, Danaceau MA, Tobin MB, Roca CA, Murphy JH,
Rubinow DR. Estrogen replacement in perimenopause-related depression: a
preliminary report American Journal of Obstetrics and Gynecology 2000; 183:

414-420.

148



466.

467.

468.

469.

470.

471.

Schmidt PJ, Purdy RH, Moore PH, Paul SM, Rubinow DR. Circulating levels of
anxiolytic steroids in the luteal phase in women with premenstrual syndrome
and in control subjects Journal of Clinical Endocrinology and Metabolism 1994;

79: 1256-1260.

Schneider LS, Small GW, Hamilton SH, Bystritsky A, Nemeroff CB, Meyers
BS, the Fluoxetine Collaborative Group. Estrogen replacement and response to
fluoxetine in a multicenter geriatric depression trial American Journal of

Geriatric Psychiatry 1997; 5: 97-106.

Schumacher M, Coirini H, Robert F, Guennoun R, El-Etr M. Genomic and
membrane actions of progesterone: implications for reproductive physiology

and behavior Behavioural Brain Research 1999; 105: 37-52.

Seippel L, Biackstrém T. Luteal-phase estradiol relates to symptom severity in
patients with premenstrual syndrome Journal of Clinical Endocrinology and

Metabolism 1998; 1998: -1988.

Serova L, Rivkin M, Nakashima A, Sabban EL. Estradiol stimulates gene
expression of norepinephrine biosynthesis enzymes in rat locus coeruleus

Neuroendocrinology 2002; 75: 193-200.

Serrats J, Artigas F, Mengod G, Cortés R. GABAp receptor mRNA in the raphe
nuclei: co-expression with serotonin transporter and glutamic acid

decarboxylase Journal of Neurochemistry 2003; 84: 743-752.

149



472.

473.

474.

475.

476.

4717.

478.

Sharp T, Hjorth S. Application of brain microdialysis to study the pahrmacology

of the 5-hT s autoreceptor Journal of Neuroscience Methods 1990; 34: 83-90.

Sharp T, McQuade R, Bramwell S, Hjorth S. Effect of acute and repeated
administration of 5-HT s receptor agonists on 5-HT release in rat brain in vivo

Naunyn-Schmiedeberg's Archives of Pharmacology 1993; 348: 339-346.

Shen W, Mennerick S, Covey DF, Zorumski CF. Pregnenolone sulfate
modulates inhibitory synaptic transmission by enhancing GABA 4 receptor

desensitization The Journal of Neuroscience 2000; 20: 3571-3579.

Shughrue PJ, Lane MV, Merchenthaler I. Comparative distribution of estrogen
receptor-a and -3 mRNA in the rat central nervous system The Journal of

Comparative Neurology 1997; 388: 507-525.

Shughrue PJ, Lane MV, Merchenthaler 1. Biologically active estrogen receptor-
B: evidence from in vivo autoradiographic studies with estrogen receptor a-

knockout mice Endocrinology 1999; 140: 2613-2620.

Shughrue PJ, Scrimo P, Lane M, Askew R, Merchenthaler I. The distribution of
estrogen receptor-f mRNA in forebrain regions of the estrogen receptor-o

knockout mouse Endocrinology 1997; 138: 5649-5652.

Silberg J, Pickles A, Rutter M, Hewitt J, Simonoff E, Maes H, Carbonneau R,
Murrelle L, Foley D, Eaves L. The influence of genetic factors and life stress on
depression among adolescent girls Archives of General Psychiatry 1999; 56:

225-232.

150



479.

480.

481.

482.

483.

484.

Sim LJ, Xiao R, Childers SR. In vitro autoradiographic localization of 5-HT ;5

receptor-activated G-proteins in the rat brain Brain Research Bulletin 1997; 44:

39-45.

Sim-Selley LJ, Vogt LJ, Xiao R, Childers SR, Selley DE. Region-specific
changes in 5-HT) A receptor-activated G-proteins in rat brain following chronic

buspirone European Journal of Pharmacology 2000; 389: 147-153.

Simerly RB, Chang AS, Muramatsu M, Swanson LW. Distribution of androgen
and estrogen receptor mRNA-containing cells in the rat brain: an in situ

hybridization study The Journal of Comparative Neurology 1990; 294: 76-95.

Singer CA, Figueroa-Masot XA, Batchelor RH, Dorsa DM. The mitogen-
activated protein kinase pathway mediates estrogen neuroprotection after
glutamate toxicity in primary cortical neurons The Journal of Neuroscience

1999; 19: 2455-2463.

Singh M, Sétalo G, Guan X, Frail DE, Toran-Allerand CD. Estrogen-induced
activation of the mitogen-activated protein kinase cascade in the cerebral cortex

of estrogen receptor-a knock-out mice The Journal of Neuroscience 2000; 20:

1694-1700.

Singh M, Sétalé G, Guan X, Warren M, Toran-Allerand CD. Estrogen-induced
activation of mitogen-activated protein kinase in cerebral cortical explants:
convergence of estrogen and neurotrophin signaling pathways The Journal of

Neuroscience 1999; 19: 1179-1188.

151



485.

486.

487.

488.

489.

490.

Smith SS. Estrogen administration increases neuronal responses to excitatory

amino acids as a long-term effect Brain Research 1989; 503: 354-357.

Smith SS, Gong QH, Hsu F-C, Markowitz RS, French-Mullen JMH, Li X.
GABA, receptor a4 subunit suppression prevents withdrawal properties of an

endogenous steroid Nature 1998; 392: 926-930.

Smith SS, Gong QH, Li X, Moran MH, Bitran D, Frye CA, Hsu F-C.
Withdrawal from 3a-OH-5a-Pregnane-20-one using a pseudopregnancy model
alters the kinetics of hippocampal GABA 4-gated current and increases the
GABA 4 receptor a4 subunit in association with increased anxiety The Journal

of Neuroscience 1998; 18: 5275-5284.

Smith SS, Gong QH, Moran MH, Bitran D, Frye CA, Hsu F-C. Withdrawal
from 3a-OH-50-pregnan-20-one using a pseudopregnancy model alters the
kinetics of hippocampal GABA4-gated current and increases the GABAA
receptor o4 subunit in association with increased anxiety The Journal of

Neuroscience 1998; 18: 5275-5284.

Smith SS, Waterhouse BD, Chapin JK, Woodward DJ. Progesterone alters
GABA and glutamate responsiveness: a possible mechanism for its anxiolytic

action Brain Research 1987; 400: 353-359.

Smith SS, Waterhouse BD, Woodward DJ. Locally applied estrogens potentiate
glutamate-evoked excitation of cerebellar Pukinje cells Brain Research 1988;

475: 272-282.

152



491.

492.

493.

494.

495.

496.

Smith SS, Waterhouse BD, Woodward DJ. Sex steroid effects on
extrahypothalamic CNS. L Estrogen augments neuronal responsiveness to
jontophoretically applied glutamate in the cerebellum Brain Research 1987

422: 40-51.

Smith SS, Waterhouse BD, Woodward DJ. Sex steroid effects on
extrahypothalamic CNS. II. Progesterone, alone and in combination with
estrogen, modulates cerebellar responses to amino acid neurotransmitters Brain

Research 1987; 422: 52-62.

Smith SS, Waterhouse BD, Woodward DJ. Locally applied progesterone
metabolites alter neuronal responsiveness in the cerebellum Brain Research

Bulletin 1987; 18: 739-747.

Soares CdN, Almeida OP, Joffe H, Cohen LS. Efficacy of estradiol for the
treatment of depressive disorders in perimenopausal women Archives of

General Psychiatry 2001; 58: 529-534.

Soriani O, Vaudry H, Mei YA, Roman F, Cazin L. Sigma ligans stimulate the
electrical activity of frog pituitary melanotrope cells through a G-protein-
dependent inhibition of potassium conductances The J ournal of Pharmacology

and Experimental Therapeutics 1998; 286: 163-171.

Spigelman I, Li Z, Banerjee PK, Mihalek RM, Homanics GE, Olsen RW.
Behavior and physiology of mice lacking the GABA-receptor & subunit

Epilepsia 2002; 43: 3-8.

153



497.

498.

499.

500.

501.

502.

503.

Sprouse JS, Aghajanian GK. Electrophysiological responses of serotoninergic

dorsal raphe neurons to 5-HT1a and 5-HTg agonists Synapse 1987; 1: 3-9.

Sprouse JS, Aghajanian GK. (-)-Propanolol blocks the inhibition of serotonergic
dorsal raphe cell firing by 5-HT)4 selective agonists European Journal of

Pharmacology 1986; 128: 295-298.

Steckelbroeck S, Watzka M, Reissinger A, Wegener-Toper P, Bidlingmaier F,
Bliesener N, Hans VHJ, Clusmann H, Ludwig M, Siekmann L, Klingmiiller D.
Characterisation of estrogenic 17B-hydroxysteroid dehydrogenase (17p-HSD)
activity in the human brain Journal of Steroid Biochemistry and Molecular

Biology 2003; 86: 79-92.

Steinbush HWM. Distribution of serotonin-immunoreactivity in the central

nervous system of the rat- cell bodies and terminals Neuroscience 1981; 6: 557-

618.

Steiner M, Dunn E, Born L. Hormones and mood: from menarche to

menopause and beyond Journal of Affective Disorders 2003; 74: 67-83.

Steiner M, Pearlstein T. Premenstrual dysphoria and the serotonin system:

pathophysiology and treatment J ournal of Clinical Psychiatry 2000; 61: 17-21.

Steiner M, Steinberg S, Stewart D, Carter D, Berger C, Reid R, Grover D,
Streiner D. Fluoxetine in the treatment of premenstrual dysphoria The New

England Journal of Medicine 1995; 332: 1529-1534.

154



504.

505.

506.

507.

508.

5009.

Stockmeier CA, Dilley GE, Shapiro LA, Overholser JC, Thompson PA, Meltzer
HY. Serotonin receptors in suicide victims with major depression

Neuropsychopharmacology 1997; 16: 162-173.

Stockmeier CA, Shapiro LA, Dilley GE, Kolli TN, Friedman L, Rajkowska g.
Increase in serotonin-1A autoreceptors in the midbrain of suicide victims with
major depression-postmortem evidence for decreased serotonin activity The

Journal of Neuroscience 1998; 18: 7394-7401.

Stoffel-Wagner B. Neurosteroid metabolism in the human brain European

Journal of Endocrinology 2001; 145: 669-679.

Strohle A, Pasini A, Romeo E, Hermann B, Spalletta G, di Michele F, Holsboer
F, Rupprecht R. Fluoxetine decreases concentration of 3a,5a.-
tetrahydrodeoxycorticosterone (THDOC) in major depression Journal of

Psychiatric Research 2000; 34: 183-186.

Stréhle A, Romeo E, Hermann B, Pasini A, Spalletta G, di Michele F, Holsboer
F, Rupprecht R. Concentrations of 3a-reduced neuroactive steroids and their

precursors in plasma of patients with major depression and after clinical

recovery Biological Psychiatry 1999; 45: 274-277.

Strémstedt M, Waterman MR. Messenger RNAs encoding steroidogenic

enzymes are expressed in rodent brain Molecular Brain Research 1995; 34: 75-

88.

155



510.

511.

512.

513.

514.

515.

Su T-P, London ED, Jaffe JH. Steroid binding at ¢ receptors suggests a link

between endocrine, nervous, and immune systems Science 1988; 240: 219-221.

Sumner BEH, Fink G. Testosterone as well as estrogen increases serotoninga
receptor mRNA and binding site densities in the male rat brain Molecular Brain

Research 1998; 59: 205-214.

Sumner BEH, Fink G. Effects of acute estradiol on 5-hydroxytryptamine and
dopamine receptor subtype mRNA expression in female rat brain Molecular and

Cellular Neurosciences 1993; 4: 83-92.

Sumner BEH, Fink G. Estrogen increases the density of 5-hydroxytryptamine,

receptors in cerebral cortex and nucleus accumbens in the female rat Journal of

Steroid Biochemistry and Molecular Biology 1995; 54: 15-20.

Sumner BEH, Fink G. The density of 5-hydroxytryptamine;a receptors in

forebrain is increased at pro-oestrus in intact female rats Neuroscience Letters

1997; 234: 7-10.

Sumner BEH, Grant KA, Rosie R, Hegele-Hartung C., Fritzemeier K-H, Fink
G. Effects of tamoxifen on serotonin transporter and 5-hydroxytrytamine;
receptor binding sites and mRNA levels in the brain of ovariectomized rats with
or without acute estradiol replacement Molecular Brain Research 2000; 73:

119-128.

156



516. Sundblad C, Hedberg MA, Eriksson E. Clomipramine administered during the
luteal phase reduces the symptoms of premenstrual syndrome: a placebo-

controlled trial Neuropsychopharmacology 1993; 9: 133-145.

517. Sundblad C, Modigh K, Andersch B, Eriksson E. Clomipramine effectively
reduces premenstrual irritability and dysphoria: a placebo-controlled trial Acta

Psychiatrica Scandinavia 1992; 85: 39-47.

518. Sundstrém I, Bickstrom T. Patients with premenstrual syndrome have
decreased saccadic eye velocity compared to control subjects Biological

Psychiatry 1998; 44: 755-764.

519. Sundstrdm I, Nyberg S, Bixo M, Hammarbéck S, Backstrém T. Treatment of
premenstrual syndrome with gonadotropin-releasing hormone agonist in a low

dose regimen Acta Obstetricia Gynecologica Scandinavica 1999; 78: 891-899.

520. Sveindéttir H, Backstrom T. Prevalence of menstrual cycle symptom cyclicity
and premenstrual dysphoric disorder in a random sample of women using and

not using oral contraceptives Acta Obstetricia Gynecologica Scandinavica 2000;

79: 405-413.

521. Svensson TH, Bunney BS, Aghajanian GK. Inhibition of both noradrenergic
and serotonergic neurons in brain by the a-adrenergic agonist clonidine Brain

Research 1975; 92: 291-306.

522. Tao R, Auerbach SB. GABAergic and glutamatergic afferents in the dorsal

raphe nucleus mediate morphine-induced increases in serotonin efflux in the rat

157



523.

524.

525.

526.

527.

528.

central nervous system The Journal of Pharmacology and Experimental

Therapeutics 2003; 303: 704-710.

Tao R, Auerbach SB. Influence of inhibitory and excitatory inputs on serotonin
efflux differs in the dorsal and median raphe nuclei Brain Research 2003; 961:

109-120.

Tao R, Auerbach SB. Regulation of serotonin release by GABA and excitatory

amino acids Journal of Psychopharmacology 2000; 14: 100-113.

Tao R, Auerbach SB. Differential effect of NMDA on extracellular serotonin in
rat midbrain raphe and forebrain sites Journal of Neurochemistry 1996; 66:

1067-1075.

Tao R, Ma Z, Auerbach SB. Differential regulation of 5-hydroxytryptamine
release by GABAA and GABAg receptors in midbrain raphe nuclei and

forebrain of rats British Journal of Pharmacology 1996; 119: 1375-1384.

Tao R, Ma Z, Auerbach SB. Influence of AMPA/kainate receptors on
extracellular 5-hydroxytryptamine in rat midbrain raphe and forebrain British

Journal of Pharmacology 2001; 121: 1707-1715.

Tao R, Ma Z, Auerbach SB. Influence of AMPA/kainate receptors on
extracellular 5-hydroxytryptamine in rat midbrain raphe and forebrain British

Journal of Pharmacology 1997; 121: 1707-1715.

158



529.

530.

531.

532.

533.

534.

535.

Teyler TJ, Vardaris RM, Lewis D, Rawitch AB. Gonadal steroids: effects on

excitability of hippocampal pyramidal cells Science 1980; 209: 1017-1019.

Tischkau SA, Ramirez VD. A specific membrane binding protein for
progesterone in rat brain: sex differences and induction by estrogen Proceedings

of the National Academy of Science USA 1993; 90: 1285-1289.

Toran-Allerand CD, Guan X, MacLusky NJ, Horvath TL, Diano S, Singh M,
Connolly ES, Nethrapalli IS, Tinnikov AA. ER-X: A novel, plasma membrane-
associated, putative estrogen receptor that is regulated during development and

after ischemic brain injury The Journal of Neuroscience 2002; 22: 8391-8401.

Toran-Allerand CD, Singh M, Sétalé G. Novel Mechanisms of estrogen action
in the brain: new players in an old story Frontiers in Neuroendocrinology 1999;

20: 97-121.

Towle AC, Sze PY. Steroid binding to synaptic plasma membrane: differential
binding of glucocorticoids and gonadal steroids Journal of Steroid Biochemistry

1983; 18: 135-143.

Trulson ME, Crisp T. Role of norepinephrine in regulating the activity of

serotonin-containing dorsal raphe neurons Life Sciences 1984; 35: 511-515.

Tsutsui K, Ukena K, Usui M, Sakamoto H, Takase M. Novel brain function:
biosynthesis and actions of neurosteroids in neurons Neuroscience Research

2000; 36: 261-273.

159



536.

537.

538.

539.

540.

541.

Turner DM, Ransom RW, Yang JSJ, Olsen RW. Steroid anesthetics and
naturally occurring analogs modulate the y-aminobutyric acid receptor complex
at a site distinct from barbiturates Journal of Pharmacology and Experimental

Therapeutics 1989; 248: 960-966.

Ueda H, Yoshida A, Tokuyama S, Mizuno K, Maruo J, Matsuno K, Mita S.
Neurosteroids stimulate G protein-coupled sigma receptors in mouse brain

synaptic membrane Neuroscience Research 2001; 41: 33-40.

Ukena K, Kohchi C, Tsutsui K. Expression and activity of 3B-hydroxysteroid
dehydrogenase/A>~A*-isomerase in the rat purkinje neuron during neonatal life

Endocrinology 1999; 140: 805-813.

Ukena K, Usui M, Kohchi C, Tsutsui K. Cytochrome P450 side-cahin cleavage
enzyme in the cerebellar Purkinje neuron and its neonatal change in rats

Endocrinology 1998; 139: 137-147.

Urani A, Roman FJ, Phan VL, Su TP, Maurice T. The Antidepressant-like effect
induced by sigma(1)-receptor agonists and neuroactive steroids in mice
submitted to the forced swimming test J Pharmacol Exp Ther 2001; 298: 1269-

1279.

Uzunov DP, Cooper TB, Costa E, Guidotti A. Fluoxetine-elicited changes in
brain neurosteroid content measured by negative ion mass fragmentography

Proceedings of the National Academy of Science USA 1996; 93: 12599-12604.

160



542.

543.

544.

545.

546.

547.

Uzunova V, Sheline Y, Davis JM, Rasmusson A, Uzunov DP, Costa E, Guidotti
A. Increase in the cerebrospinal fluid content of neurosteroids in patients with

unipolar major depression who are receiving fluoxetine or fluvoxamine

Proceedings of the National Academy of Science USA 1998; 95: 3239-3244,

Vaccari A, Brotman S, Cimino J, Timiras PS. Sex differentiation of
neurotransmitter enzymes in central and peripheral nervous systems Brain

Research 1977; 132: 176-185.

van Broekhoven F, Verkes RJ. Neurosteroids in depression: a review

Psychopharmacology 2003; 165: 97-110.

VanderHorst VGIM, Schasfoort FC, Meijer E, Van Leeuwen FW, Holstege G.
Estrogen receptor-alpha-immunoreactive neurons in the periaqueductal gray of

the adult ovariectomized female cat Neuroscience Letters 1998; 240: 13-16.

Vandermaelen CP, Aghajanian GK. Electrophysiological and pharmacological
characterization of serotonergic dorsal raphe neurons recorded extracellularly

and intracellularly in rat brain slices Brain Research 1983; 289: 109-119.

Vandermaelen CP, Matheson GK, Wilderman RC, Patterson LA. Inhibition of
serotonergic dorsal raphe neurons by systemic and iontophoretic administration
of buspirone, a non-benzodiazepine anxiolytic drug. European Journal of

Pharmacology 1986; 129: 123-130.

161



548.

549.

550.

551.

552.

553.

Varga V, Székely AD, Csillag A, Sharp T, Hajés M. Evidence for a role of
GABA interneurones in the cortical modulation of midbrain 5-

hydroxytryptamine neurones Neuroscience 2001; 106: 783-792.

Veiga S, Garcia-Segura LM, Azcoitia I. Neuroprotection by the steroids
pregnenolone and dehydroepiandrosterone is mediated by the enzyme

aromatase Journal of Neurobiology 2003; 56: 398-406.

Verge D, Daval G, Gozlan H, El Mestikawy S, Hamon M. Presynaptic 5-HT
autoreceptors on serotonergic cell bodies and/or dendrites but not terminals are

of the 5-HT; 4 subtype European Journal of Pharmacology 1985; 113: 463-464.

Vicini S, Losi G, Homanics GE. GABA, receptor & subunit deletion prevents
neurosteroid modulation of inhibitory synaptic currents in cerebellar neurons

Neuropharmacology 2002; 43: 646-650.

Wagner CK, Morrell JI. Distribution and steroid hormone regulation of
aromatase mRNA expression in the forebrain of adult male and female rats: a
cellular-level analysis using in situ hybridization The Journal of Comparative

Neurology 1996, 370: 71-84.

Wang M, Seippel L, Purdy RH, Béckstrém T. Relationship between syptom
severity and steroid variation in women with premenstrual syndrome: study on
serum pregnenolone, pregnenolone sulfate, 5a-pregnane-3,20-dione and 3o~
hydroxy-5a-pregnan-20-one Journal of Clinical Endocrinology and Metabolism

1996; 81: 1076-1082.

162



554.

555.

556.

557.

558.

559.

560.

Wang QP, Ochiai H, Kakai Y. GABAergic innervation of serotonergic neurons
in the dorsal raphe nucleus of the rat studied by electron microscopy double

immunostaining Brain Research Bulletin 1992; 29: 943-948.

Wang Q-P, Nakai Y. The dorsal raphe: an important nucleus in pain modulation

Brain Research Bulletin 1994; 34: 575-585.

Warembourg M, Leroy D. Comparative distribution of estrogen eceptor o and 3
immunoreactivities in the forebrain and the midbrain of the female guinea pig

Brain Research 2004; 1002: 55-66.

Watanabe T, Hiroi H, Orimo A, Muramatsu M. NMDA receptor type 2D gene

as target for estrogen receptor in the brain Molecular Brain Research 1999; 63:

375-379.

Watson CS, Campbell CH, Gametchu B. The dynamic and elusive membrane

estrogen receptor-a Steroids 2002; 67: 429-437.

Watson CS, Gametchu B. Proteins of multiple classes may participate in
nongenomic steroid actions Experimental biology and medicine 2003; 228:

1272-1281.

Watson NR, Studd JWW, Savvas M, Garnett T. Treatment of severe
premenstrual syndrome with eoestradiol patches and cyclical oral norethisterone

The Lancet 1989; 2: 730-732.

163



561.

562.

563.

564.

565.

566.

Watters JJ, Dorsa DM. Transcriptional effects of estrogen on neuronal
neurotensin gene expression involve cAMP/protein kinase A-dependent

signaling mechanisms The Journal of Neuroscience 1998; 18: 6672-6680.

Watzka M, Bidlingmaier F, Schramm J, Klingmiiller D, Stoffel-Wagner B. Sex-
and age-specific differences in human brain CYP11A1 mRNA expression

Journal of Neuroendocrinology 1999; 11: 901-905.

Weaver CE, Marek P, Park-Chung M, Tam WS, Farb DH. Neuroprotective
activity of a new class of steroidal inhibitors of the N-Methyl-D-Aspartate
recpetor Proceedings of the National Academy of Science USA 1997; 94:

10450-10454.

Weiland NG. Estradiol selectively regulates agonist binding sites on the N-
methyl-D-aspartate receptor complex in the CA1 region of the hippocampus

Endocrinology 1992; 131: 662-668.

Weiland NG, Orchinik M. Specific subunit mRNAs of the GABA4 receptor are
regulated by progesterone in subfields of the hippocampus Molecular Brain

Research 1995; 32: 271-278.

Weissman MM, Bland RC, Canino GJ, Faravelli C, Greenwald S, Hwu H-G,
Joyce PR, Karam EG, Lee C-K, Lellouch J, Lépine J-P, Newman SC, Rubio-
Stipec M, Wells. JE, Wickramaratne PJ, Wittchen H-U, Yeh E-K. Cross-national
epidemiology of major depression and bipolar disorder JAMA 1996; 276: 293-

299.

164



567.

568.

569.

570.

571.

572.

573.

Weissman MM, Klerman GL. Gender and depression Trends in Neuroscience

1985; 8: 416-420.

Weizman R, Dagan E, Snyder SH, Gavish M. Impact of pregnancy and lactation
on GABA, receptor and central-type and peripheral-type benzodiazepine

receptors Brain Research 1997; 752: 307-314.

Wetzel CHR, Hermann B, Behl C, Pestel E, Rammes G, Holsboer F, Rupprecht
R. Functional antagonism of gonadal steroids at the 5- hydroxytryptamine type

3 receptor Molecular Endocrinology 1998; 12: 1441-1451.

Wikander I, Sundblad C, Andersch B, Dagnell I, Zylberstein D, Bengtsson F,
Eriksson E. Citalopram in premenstrual dysphoria: is intermittent treatment
during luteal phases more effective than continuous medication throughout the

menstrual cycle Journal of Clinical Psychopharmacology 1998; 18: 390-398.

Wohlfarth KM, Bianchi MT, Macdonald RL. Enhanced neurosteroid
potentiation of ternary GABA 4 receptors containing the 8 subunit The Journal

of Neuroscience 2002; 22: 1541-1549.

Wolkowitz OM, Reus VI, Keebler A, Nelson N, Friedland M, Brizendine L,
Roberts E. Double-blind treatment of major depression with

dehydroepiandrosterone American Journal of Psychiatry 1999; 156: 646-649.

Wolkowitz OM, Reus VI, Roberts E, Manfredi F, Chan T, Ormiston S, Johnson

R, Canick J, Brizendine L, Weingartner H. Antidepressant and cognition-

165



574.

575.

576.

577.

578.

579.

enhancing effects of DHEA in major depression Annals of the New York

Academy of Sciences 1995; 774: 337-339.

Wolkowitz OM, Reus VI, Roberts E, Manfredi F, Chan T, Raum W, Ormiston
S, Johnson R, Canick J, Brizendine L, Weingartner H. Dehydroepiandrosterone

(DHEA) treatment of depression Biological Psychiatry 1997; 41: 305-310.

Wong M, Moss RL. Electrophysiological evidence for a rapid membrane action
of the gonadal steroid, 17pB-estradiol, on CA1 pyramidal neurons of the rat

hippocampus Brain Research 1991; 543: 148-152.

Wong M, Moss RL. Long-term and short-term electrophysiological effects of
estrogen on the synaptic properties of hippocampal CA1 neurons The Journal of

Neuroscience 1992; 12: 3217-3225.

Woolley CS, Weiland NG, McEwen BS, Schwartzkroin PA. Estradiol increases
the sensitivity of hippocampal CA1 pyramidal cells to NMDA receptor-
mediated synaptic input: correlation with dendritic spine density The Journal of

Neuroscience 1997; 17: 1848-1859.

Wu F-S, Gibbs TT, Farb DH. Pregnenolone sulfate: a positive allosteric
modulator at the N-methyl-D-aspartate receptor Molecular Pharmacology 1991;

40: 333-336.

Wu F-S, Lai C-P, Liu B-C. Non-competitive inhibition of 5-HT; receptor-
mediated currents by progesterone in rat nodose ganglion neurons Neuroscience

Letters 2000; 278: 37-40.

166



580.

581.

582.

583.

584.

585.

586.

Wyckoff MH, Chambliss KL, Mineo C, Yuhanna IS, Mendelsohn ME, Mumby
SM, Shaul PW. Plasma membrane estrogen receptors are coupled to endothelial
nitric-oxide synthase through Ga; The Journal of Biological Chemistry 2001;

276: 27071-27076.

Yaghoubi N, Malayev A, Russek SJ, Gibbs TT, Farb DH. Neurosteroid
modulation of recombinant ionotropic glutamate receptors Brain Research

1998; 803: 153-160.

Yamada M, Nishigami T, Nakasho K, Nishimoto Y, Miyaji H. Relationship
between sigma-like site and progesterone-binding site of adult male rat liver

microsomes Hepatology 1994; 20: 1271-1280.

Yatham LN, Liddle PF, Shiah I-S, Scarrow G, Lam RW, Adam MJ, Zis AP,
Ruth TJ. Brain serotonin; receptors in major depression. A positron emission

tomography study Archives of General Psychiatry 2000; 57: 850-858.

Yonkers KA, Halbreich U, Freeman E, Brown C, Endicott J, Frank E, Parry BL,
Pearlstein TB, Severino S, Stout A, Stone A, Harrison W. Symptomatic
improvement of premenstrual dysphoric disorder with sertraline treatment

JAMA 1997; 278: 983-988.

Yonkers KA, White K. Premenstrual exacerbation of depression: one process or

two Journal of Clinical Psychiatry 1992; 53: 289-292.

Young SA, Hurt PH, Benedek DM, Howard RS. Treatment of premenstrual

dysphoric disorder with sertraline during the luteal phase: a randomized,

167



587.

588.

589.

590.

591.

592.

double-blind, placebo-controlled crossover trial Journal of Clinical Psychiatry

1998; 59: 76-80.

Yu R, Follesa P, Ticku MK. Down-regulation of the GABA receptor subunits
mRNA levels in mammalian cultured cortical neurons following chronic

neurosteroid treatment Molecular Brain Research 1996; 41: 163-168.

Yu R, Hay M, Ticku MK. Chronic neurosteroid treatment attenuates single cell
GABA, response and its potentiation by modulators in cortical neurons Brain

Research 1996; 706: 160-162.

Yu R, Ticku MK. Chronic neurosteroid treatment produces functional
heterologous uncoupling at the y-aminobutyric acid type A/benzodiazepine
receptor complex in mammalian cortical neurons Molecular Pharmacology

1995; 47: 603-610.

Yu R, Ticku MK. Chronic neurosteroid treatment decreases the efficacy of
benzodiazepine ligands and neurosteroids at the y-aminobutyric acida receptor
complex in mammalian cortical neurons The Journal of Pharmacology and

Experimental Therapeutics 1995; 275: 784-789.

Zhang L, Ma W, Barker JL, Rubinow DR. Sex differences in expression of
serotonin receptors (subtypes 1A and 2A) in rat brain: a possible role of

testosterone Neuroscience 1999; 94: 251-259.

Zheng J, Ramirez VD. Purification and identification of an estrogen binding

protein from rat brain: oligomycin sensitivity-conferring protein (OSCP), a

168



593.

594.

595.

596.

597.

598.

subunit of mitochondrial FOF1-ATP synthase/ATPase Journal of Steroid

Biochemistry and Molecular Biology 1999; 68: 65-75.

Zhou M-Y, del Carmen Vila M, Gomez-Sanchez EP, Gomez-Sanchez CE.
Cloning of two alternatively spliced 21-hydroxylase CDNAs from rat adrenal

Journal of Steroid Biochemistry and Molecular Biology 1997; 62: 277-286.

Zhou W, Koldzic-Zizanovic N, Clarke CH, de Beun R, Wassermann K, Bury
PS, Cunningham KA, Thomas ML. Selective estrogen receptor modulator

effects in the rat brain Neuroendocrinology 2002; 75: 24-33.

Zhou Y, Watters JJ, Dorsa DM. Estrogen rapidly induces the phosphorylation of
the cAMP response element binding protein in rat brain Endocrinology 1996;

137: 2163-2166.

Zhu WJ, Wang JF, Krueger KE, Vicini S. 8 subunit inhibits neurosteroid
modulation of GABA, receptors The Journal of Neuroscience 1996; 16: 6648-

6656.

Zhu Y, Rice CD, Pang Y, Pace M, Thomas P. Cloning, expression, and
characterization of a membrane progestin receptor and evidence it is an
intermediary in meiotic maturation of fish oocytes Proceedings of the National

Academy of Science USA 2004; 100: 2231-2236.

Zwain IH, Yen SSC. Neurosteroidogenesis in astrocytes, oligodendrocytes, and

neurons of cerebral cortex of rat brain Endocrinology 1999; 140: 3843-3852.

169



599. Zwain IH, Yen SSC. Dehydroepiandrosterone: biosynthesis and metabolism in

the brain Endocrinology 1999; 140: 880-887.

600. Zwain IH, Yen SSC, Cheng CY. Astrocytes cultured in vitro produce estradiol-
17B and express aromatase cytochrome P-450 (P-450 AROM) mRNA

Biochimica et Biophysica Acta 1997; 1334: 338-348.

170



Foreword to Chapter 2

Gender and gonadal status modulation of dorsal raphe nucleus serotonergic

neurons. Part I: Effects of gender and pregnancy

As mentioned in the introduction, there are important gender differences
concerning mood disorders, with women being more vulnerable, and there is
accumulating evidence of a role for ovarian hormones in female affective
disorders.  Furthermore, a large body of evidence indicates a functional
interrelationship between depression, neuroactive steroids and the serotonergic (5-
HT) system, which has itself long been implicated in the neurobiology of affective
disorders. The activity of 5-HT neurons located in the dorsal raphe nucleus
(DRN) is crucial for 5-HT neurotransmission. The goal of this study was thus to
assess whether ovarian hormones could modulate the activity of DRN 5-HT
neurons. The effects of gender and different hormonal status on this activity were
evaluated by measuring the spontaneous firing activity of DRN 5-HT neurons in

male, freely cylcing female, ovariectomzed female and pregnant female rats.
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Neuropharmacology 43: 1119-1128, 2002



SUMMARY

Gender differences in susceptibility to affective disorders are well
documented. The ovarian steroids, estrogen (E) and progesterone (P), may
modulate the function of the serotonergic (5-HT) system, implicated in the
etiology and treatment of affective disorders. We tested the hypothesis that
ovarian steroid modulation of 5-HT function could result in a modification of the
5-HT neuronal firing activity. Extracellular unitary recordings of dorsal raphe
nucleus 5-HT neurons were obtained in male rats and in female rats during natural
E and P fluctuations. The average firing activity of 5-HT neurons was
significantly higher in males (41%) than in freely cycling (CF) and in
ovariectomized (OVX) females. During pregnancy, it increased gradually and by
up to 136% on gestational day 17, then declined before parturition. In the
postpartum period (PP), the firing rate decreased markedly compared to P17 but
remained 63% higher than in CF. During pregnancy, the firing rate variations
were closely correlated with P plasmatic levels. Finally no modification of the
basal firing activity of locus coeruleus noradrenergic neurons was found in any
group tested. Our results thus reveal a gender and pregnancy-dependent
modulation of 5-HT ~firing rate that would impact 5-HT-mediated

neurotransmission.
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INTRODUCTION

Susceptibility to affective disorders differs between genders; women are
twice as likely to suffer from major depression than men (Weissman and Olfson,
1995). In addition, women can experience dramatic swings in affective states
duﬁng and following pregnancy. During pregnancy, women typically report
feelings of elation and tranquillity and are at lower risk for developing affective
disorders (Pugh et al., 1963), whereas following pregnancy, psychiatric diseases
are likely to occur in predisposed individuals (Davidson and Robertson, 1985).
Ovarian hormones have thus been recognized as having influences on mood and

affective states.

Serotonin (5-HT) is known to regulate mood and the 5-HT system is
implicated in the etiology (Mann et al., 1996; Lesch, 1998) as well as the
treatment of affective disorders. An enhancement in 5-HT neurotransmission is
presumed to underlie the therapeutic effect of antidepressant medications (Blier
and de Montigny, 1994; Owens, 1996). In view of the postulated role of ovarian
hormones on mood, several indices of modulation of the 5-HT function by
estrogen (E) and progesterone (P) have been sought for and demonstrated in many
species. Most of these studies had focused on 5-HT levels and metabolism (Cone
et al., 1981; Desan et al., 1988; Morissette et al., 1990) as well as on receptor
binding in postsynaptic target areas (Biegon and McEwen, 1982; Frankfurt et al.,
1994; Sumner and Fink, 1995). However, until recently, the locus (i.e. terminal

field versus cell body region) at which E and P could regulate central 5-HT
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activity was unknown. Data from primates (Bethea, 1994) and rodents (Alves et
al., 1998a) have now established that the dorsal raphe nucleus (DRN), the largest
nucleus providing 5-HT innervations to the forebrain, is a site at which E and P
receptors are expressed. Thus, ovarian steroids can exert a direct receptor-

mediated effect on the serotonergic function.

Lately, E and P modulation of the expression of genes directly regulating
serotonergic neurotransmission has been reported. The mRNA levels for the
tryptophan hydroxylase (Pecins-Thompson et al., 1996), the serotonin transporter
(McQueen et al., 1997; Pecins-Thompson et al., 1998), and the 5-HT;5 somato-
dendritic autoreceptor (Pecins-Thompson and Bethea, 1997) were all affected by
hormonal treatments. However, these studies did not provide direct, conclusive
evidence that the 5-HT neurotransmission was affected. The release of 5-HT in
terminal fields is highly dependent on the neuronal discharges in the cell body
region (Wilkinson et al., 1991), which is strictly correlated with behavioral state
(Trulson and Jacobs, 1979). We have therefore tested the hypothesis that ovarian
hormones can directly modulate the 5-HT neuronal discharge, independently of
the behavioral state. We monitored in vivo, the baseline spontaneous unit activity
of 5-HT neurons in the DRN of anesthetized male and female rats during periods
of natural ovarian hormone fluctuations. Indeed, 5-HT discharge rate was found to
differ between genders and, in females, to vary dramatically during pregnancy and
the postpartum period. To demonstrate the specificity of this modulation we also
examined spontaneous activity in the noradrenergic (NE) neurons of the locus

coeruleus (LC).
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MATERIALS AND METHODS

Animals

Sprague-Dawley rats were purchased from Charles River (St. Constant,
Queébec) and kept under standard laboratory conditions. Experimental groups
were: intact freely cycling females (CF, 225-250 g); ovariectomized females
(OVX, 225-250 g) used 15 to 21 days after surgery; pregnant females (250-350 g)
used at 11 days (P11), 14 days (P14), 17 days (P17), and 21 days (P21) of
gestational age (delivery was on day 22); intact females (250-275 g) used 1 to 7
days postpartum (PP); and males (275-325 g). We considered freely cycling
females as our control female group (CF). Since high levels of progesterone can
be maintained during lactation as a result of the suckling stimulus (Smith, 1981),
mothers were separated from their pups after delivery to ensure that progesterone
levels in PP were back to CF levels. Ethical approval was given by the McGill
University Animal Ethical Care Committee and all their rules and regulations
were followed. The suffering of animals as well as the number used were kept at

minimum.

Extracellular single unit recordings

Rats were anesthetized with chloral hydrate (400 mg/kg i.p.) and mounted
in a stereotaxic frame. Body temperature was maintained at 37+0.5 °C. A 2 mm-
diameter section of bone was removed from the skull at the appropriate location

and a glass micropipette, tip diameter 1-3 um, filled with a 1 M NaCl solution
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was lowered to the appropriate depth. When the identity of a neuron was
ascertained, output voltage was passed through a window discriminator then
recorded simultaneously on a chart recorder and an on-line computer using in-
house data acquisition software. Data were displayed as a 10 s bin integrated
firing frequency histogram. For each neuron, the mean firing rate, in spikes per 10

s, was computed by averaging 5 or 6 consecutive bins.

Dorsal raphe recordings.

Unit activity was recorded along descents covering the nucleus from 300
pm anterior to lambda to 1500 um anterior to lamba or until no 5-HT neurons
were encountered. 6 tracks were done on the midline and 2 to 4 tracks 200 pm
lateral to midline. Spontaneously active 5-HT neurons were encountered starting
at the ventral border of the Sylvius aqueduct easily recognized by a sudden
voltage drop, and could be seen for up to Imm below this landmark. 5-HT and
non-5-HT neurons were identified according to the criteria of Aghajanian et al.
(1978). Only 5-HT neurons were recorded. The occurrence of non-5-HT neurons

was simply noted.

Locus coeruleus recordings.

Unit activity was recorded along 5 descents, separated by 200 um,
centered on 1 mm posterior to lambda and 1 mm lateral to midline. Spontaneously
active NE neurons were encountered right below the ventral border of the 4rth

ventricle, and were identified according to the criteria of Cedarbaum and
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Aghajanian (1976). No spontaneously active units other than NE were
encountered. Recordings were interrupted 500 pm below the 4™ ventricle so as

not to sample spontaneously active units of the sub-coeruleus nucleus.

E and P plasmatic dosage

At the end of single unit recordings, peripheral blood was drawn by
cardiac tapping. After centrifugation, plasma was stored at -70 °C for later
analysis. 17B-estradiol and progesterone concentrations were determined by a
highly specific competitive immunoassay using the ACS:180 Automated

Chemiluminescence System (Chiron Diagnostics, MA).

Statistical analysis

Statistical analysis was performed with “SigmaStat for Windows Version
2.0” software (Jandel Corporation). Average values are given as mean £ SEM. In
some cases, the coefficient of variation (CV=standard deviation/mean) was
calculated to characterize the spread of a distribution. One-way ANOVA, with
alpha = 0.05, followed by a post-hoc analysis using Tukey’s method of
comparison versus control (controls being CF) was used for evaluating statistical
significance. Results (F) of statistical analysis are expressed in terms of number
of groups compared (p) and degrees of freedom between groups compared (df).
Significance was considered for P<0.05. A correlation analysis was used to
assess whether the firing activity of the 5-HT neurons in pregnant females

followed the levels of plasma progesterone. This analysis was performed using
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. the software “GraphPad Prism version 3.0”, with alpha = 0.05. Results of the

correlation are expressed with r: correlation coefficient and P. Significance was

considered for P<0.05.
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RESULTS

Spontaneous DRN neuronal activity

We compared the spontaneous firing activity of DRN 5-HT neurons of
male rats, female rats during pregnancy and following ovariectomy to that of
freely cycling females. To quantify the 5-HT firing rate, electrode descents (Fig.
1A) covering the DRN were performed and the mean firing rate for each unit was
evaluated in spikes per 10 s (spk/10s). In anesthetized male rats, DRN 5-HT
neurons discharge in a slow (2-30 spk/10s), clock-like manner (Aghajanian et al.,
1968; Aghajanian and Vandermaelen, 1982). The same rhythmic pattern was
observed in females although a difference in firing rates was clearly apparent (Fig.
1A). The mean number of 5-HT neurons per descent, however, did not
significantly differ between groups. Neither did the mean number of non-5-HT
neurons encountered per rat, which indicates that variations in mean firing rate
from one group to the other were not accompanied by a significant change in the
number of spontaneously active 5-HT or non-5-HT neurons. In addition, the

within-group variability of firing rates was equally low for all groups (Table 1).

Group comparisons revealed that the mean firing rates was significantly
different between experimental populations using CF as the control. Indeed, a
significant interaction was observed between CF, M and OVX [F(2,3) = 27.1,
P<0.001]. This interaction was related to a higher mean basal firing rate for M
(Tukey’s test, q = 9.3, P<0.05). The mean firing rate in males was significantly

higher (41%) than in CF while CF and OVX were not statistically different
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(Tukey’s test, ¢ = 0.2, n.s.) (Fig. 1B). During pregnancy, the mean firing rate
increased steadily with gestational age to culminate at P17, before declining
abruptly at P21 (Fig. 2B). At its peak value, at P17, the firing rate was 136%
higher than in CF. At day 19 of pregnancy, median firing rate (13.0 spk/10s,
n=47; data not shown) had already substantially declined relative to P17 and was
only 44% higher than in CF. The mean firing rates at P11, P14, P17, and P21
were all significantly higher than in CF [F(5,6) = 68.9, P<0.001, Tukey’s test, q =
7.9, P<0.05, q = 16.8, P<0.05, q = 24.0, P<0.05, q = 5.9, P<0.05, respectively].
Following parturition, the mean firing rate in PP remained significantly (63%)
higher than in CF [Tukey’s test, ¢ = 10.8, P<0.05] (Fig 2B). Surprisingly,
following parturition, the declining trend seen between P17 and P21 seemed to be

reversed (16.4 spk/10s for PP vs 13.7 spk/10s for P21).

Spontaneous LC neuronal activity

Estrogen is known to possess CNS activating and proconvulsant properties
(reviewed in Smith, 1994). To exclude the possibility of a generalized modulation
of neuronal activity produced during natural hormonal variations, we also
assessed the spontaneous firing activity of NE neurons in the LC. A particular
reason for selecting the LC was that, by the same token, a potential influence on
DRN 5-HT firing activity could be investigated. Pharmacological evidence
suggests that the 5-HT neuronal discharge is dependent on a tonic excitatory NE
input (Baraban and Aghajanian, 1980).  Also, anatomical studies have

demonstrated that the DRN receives one of the heaviest NE innervations in the
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brain (Levitt and Moore, 1979) and that the LC does, indeed, project to the DRN

(Jones and Yang, 1985).

Electrode descents were therefore performed in the LC of CF, males, OVX
and P17 (Fig. 3A), in a manner analogous to that in the DRN. The distribution of
unit firing rates is shown in the bar graph of Fig. 3B, while Table 2 lists quantified
parameters. No significant difference was found between the mean firing rates or
between the mean number of spontaneously active NE units per descent of any of

the groups [F(3,4) =1.3, n.s.].

Relation of 5-HT firing activity to circulating E and P

During the estrous cycle, plasma levels of E (as 17B-estradiol) and P peak
at about the same time, on the afternoon of proestrus (Freeman, 1994). However,
during pregnancy, the E and P maxima are shifted by several days (reviewed in
Rosenblatt et al., 1988). To determine if the modulation of 5-HT neuronal firing
activity during pregnancy and the postpartum period followed circulating levels of
one or the other steroid hormone, plasma levels of E and P were assessed in the
same animals used for electrophysiological recordings. Figures 4 and 5 show, for
each group, mean plasma levels of E (Fig. 4) and P (Fig. 5). In keeping with
Rosenblatt et al. (1988), during pregnancy, we found low circulating
concentrations of E, and a steady increase in P that peaks at P17 and then declines
markedly before parturition. We have not been able to detect the sharp rise in E

occurring immediately prior to parturition, although there was a trend for an
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increase on P21. Also shown in these figures (4 and 5) are the mean firing rates of
5-HT neurons, for each group, superimposed on the mean plasma levels of E (Fig.
4) and P (Fig. 5). There was a striking correlation between circulating levels of P
and the 5-HT neuronal discharge, but only during pregnancy (r=0.94, P<0.05; Fig.
5B). No other relation between firing rates and levels of E or P could be detected.
Notably, hormonal levels were similar in OVX and males but firing rate was
significantly higher in males (Fig. 1B); likewise, hormonal levels were similar in

CF and PP but firing rate was significantly higher in PP (Fig. 2B).
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DISCUSSION

Our findings demonstrate a clear modulation by gender and hormonal
levels of the in vivo spontaneous firing activity of DRN 5-HT neurons. To our
knowledge, this is the first report of a tonic variation in 5-HT neuronal discharge,
which is not dependent on behavioral state. We have shown that the basal firing
rate of 5-HT neurons is higher in males than in females. This difference does not
seem to be solely tied to the circulating levels of E or P since the hormonal levels
of OVX are similar to males while their 5-HT neurons firing activity is
comparable to CF. We have also shown that in females, pregnancy and the
postpartum period bring about dramatic changes in the basal discharge rate of 5-

HT neurons.

Gender differences in the 5-HT system have long been demonstrated in
rodents and humans (McEwen et al., 1998, Nishizawa et al., 1999). A study,
using positron emission tomography (PET), showed that women have a smaller
rate of serotonin synthesis, which is moreover, reduced about four times more
than it is in men, following an acute tryptophan depletion (Nishizawa et al., 1999).
In female rats, 5-HT levels, as well as, 5-HT function and receptor concentrations,
were also shown to vary during periods of ovarian hormone fluctuations such as
the estrous cycle, pregnancy and postpartum period (Biegon et al., 1980, Uphouse
et al., 1986, Maswood et al., 1999). More specifically, in females, numerous
studies were performed at different levels of the regulation of the 5-HT

neurotransmission. Both E and P treatments lead to a decrease in DRN vesicular
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monoamine transporter (VMAT,;) mRNA levels (Rehavi et al., 1998). Moreover,
E treatments have been shown to decrease the serotonin reuptake transporter
(SERT) mRNA levels in monkeys and increase it in rats (McQueen et al., 1997,
Pecins-Thompson et al., 1998). It is clear that ovarian steroids can modulate the
expression of different genes of the 5-HT system. However, modulations of
mRNA levels are not necessarily reflected by a modification in protein expression
or by physiological or behavioral changes. Our present results show that ovarian
hormones can indeed functionally modulate this system by affecting the firing

activity of 5-HT neurons.

The greater susceptibility of women to -affective disorders is well
documented (Weissman and Olfson, 1995). Moreover, some affective pathologies
like the premenstrual syndrome, postpartum blues, postpartum depression, and
postmenoposal depression are obviously selective to women. The significantly
lower basal firing rates observed in CF relative to males would constitute the most
parsimonious explanation for this clinical observation. It has been agreed upon,
for some time, that the 5-HT system is the main common target of the different
types of antidepressant treatments, and that they all result in augmentation of 5-
HT neurotransmission (Blier and de Montigny, 1994; Owens, 1996). Impaired 5-
HT function has been implicated in the etiology of affective disorders (Lesch et
al., 1996) and a blunted 5-HT brain response in untreated depressed patients has
been reported (Mann et al., 1996). If the difference in the basal activity of 5-HT

neurons that we observed between males and females is sustained across
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behavioral states, a reduced activity of the 5-HT system in females could imply a

greater vulnerability to impairment when this system is challenged.

The most interesting and unexpected result of this study is, perhaps, our
finding that, during pregnancy, a graded augmentation and diminution in 5-HT
firing rate occurs, which mirrors that of circulating P concentrations. The striking
parallelism between 5-HT discharge and P levels during pregnancy strongly
suggests that P is implicated in the modulation of 5-HT neurons activity.
However, during the postpartum period, even following the decrease of P levels,
the firing activity of 5-HT neurons remained significantly higher than that of CF.
This could be due to a sustained positive modulation of the in firing activity by
different factors, which might take longer to return to baseline. Indeed, P
metabolites, which increase with P levels during pregnancy, are also implicated in
the enhanced firing activity of 5-HT neurons in pregnant rats. During pregnancy,
they accumulate in the brain and their cerebral levels probably do not fall as
abruptly at parturition as the plasma levels. On the other hand, other
neurosteroids may take over following parturition and contribute to maintain a
relatively high 5-HT neurons firing activity. For instance, it is possible that
during pregnancy, when P levels are high, E has little effect on the firing activity
of 5-HT neurons. As E levels rise when P levels drop, just before parturition, the
effect of E on the firing activity of 5-HT neurons might become apparent. It may
also serve to prevent a too large decrease in the 5-HT neuronal firing rate

following parturition. Nevertheless, this sustained increase of the firing activity
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of 5-HT neurons suggests that P is not the only neurosteroid involved in the

modulation of 5-HT neurons.

The increased firing activity of 5-HT neurons in males seems to be a
gender-dependent trait rather than due to lower levels of ovarian hormones as
identical levels of E and P in OVX and males resulted in lower discharge rates in
OVX, which were similar to that of CF. Following ovariectomy, when P levels
are low, a possible compensation by other neurosteroids may prevent a decrease
of the firing activity of 5-HT neurons. Similarly, males, having constantly low
levels of P, may have a different neurosteroid equilibrium, which could maintain
their 5-HT neuronal firing activity higher than that of females. For instance, it
would be interesting to assess if testosterone, levels of which are high in males,

has a positive modulatory effect on the firing rate of 5-HT neurons.

There is strong evidence supporting the hypothesis of a combined
dysfunction of the noradrenergic (NE) and 5-HT systems in the pathophysiology
of depression. For instance, antidepressant medications like desipramine or
reboxetine, acting selectively on the NE system, have proved to be efficient in the
treatment of depression. Moreover, clinical studies have shown that increasing
both types of neurotransmission was clinically more efficient then treatments
aiming at only one (reviewed in Mongeau et al., 1997). This is not inconsistent
with the reciprocal modulatory influence that the NE and 5-HT systems exert on
each other. In the DRN, 5-HT neurons are innervated by NE terminals, which

make direct synaptic contacts with them and exert a tonic excitatory input on
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these cells (Baraban and Aghajanian, 1980, 1981). 5-HT neurons also project
back to the LC and tonically inhibit the firing activity of NE neurons (Szabo and

Blier, 2001).

However, our data suggest that the differences in 5-HT neurons basal
firing rate, observed between genders and brought about during pregnancy and the
postpartum period, are not due to, nor do they result in, a modification of the
activity of LC NE neurons. Indeed, the firing rate of LC neurons was similar in

“all our experimental groups. Obviously, one cannot totally rule out a possible
involvement of the NE system in the modifications observed in the present study.
However, even modifications such as the desensitisation of o;-adrenoceptors
observed following application of P to rat hypothalamic slices would rather tend
to decrease the firing activity of 5-HT neurons (Petitti and Etgen, 1992). This
phenomenon in the DRN, if present, would strengthen our suggestion that the
observed modifications of the activity of 5-HT neurons are not due to a difference
in the NE input. These results could also suggest that the greater vulnerability of
women to affective disorders is not due to a difference in the NE function.
Furthermore, our observation of the absence of any change in the firing activity of
LC NE neurons could indicate a certain specificity of action for ovarian hormones
on the dorsal raphe nucleus. This is in keeping with the failure to detect the
presence of E and P receptors in the LC following ovarian hormone treatments

(Schutzer and Bethea, 1997), and strengthens the contention that the NE system
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may not contribute significantly to affective states related to changes in ovarian

hormones (Schutzer and Bethea, 1997).

The presence of E and P nuclear receptors was reported in the DRN of
primates (Bethea, 1994) and rodents (Alves et al., 1998a). The cellular substrate
for the variation in 5-HT neuronal activity that we describe is therefore present in
the DRN. Interestingly, the DRN of female rats was shown to contain 30% more
PRs than males, while the amount of ERs seemed to be constant between sexes
(Alves et al., 1998a). This could suggest a greater sensitivity of the female 5-HT
system to P modulation. Interestingly, in rat DRN, the P receptors are not
expressed by 5-HT neurons but by neighboring excitatory amino acid neurons
(Alves et al., 1998a, Alves et al., 1998b). It could thus suggest a transsynaptic

mechanism of action for the modulatory effects of P on 5-HT neurons.

Our results, however, may contrast with other studies. For instance, P has
been shown to decrease the extracellular levels of 5-HT and its turnover rate in
different regions of the hypothalamus and the midbrain central gray, following E
priming (Gereau et al., 1993; Farmer et al., 1996; Maswood et al, 1999).
Although the release of 5-HT in the projection areas is closely related to the firing
activity of the 5-HT neurons, other mechanisms, such as nerve terminal
autoreceptors, can contribute to the fine-tuning of the 5-HT release. Interestingly,
one of these studies suggested that 5-HT terminal autoreceptors were implicated

in the P-induced reduction in extracellular 5-HT (Maswood et al., 1999). Finally,
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the possibility that the fetus or the placenta might play a role in modulating the

firing activity of 5-HT neurons during pregnancy cannot be ruled out.

In conclusion, we demonstrated that the DRN 5-HT system significantly
differs between genders and underg(;es profound changes during pregnancy and
the postpartum period. Furthermore, whether a neuroactive or genomic
mechanism is implicated, it would be interesting to know what afferent or
receptor modulating the firing activity of 5-HT neurons is also affected.
Elucidating this question was the purpose of the second part of this study (see
companion paper). Whatever the exact mechanism, the dramatic increase in basal
discharge of 5-HT neurons during pregnancy is bound to bear an important
outcome on various aspects of 5-HT-mediated neurotransmission. In particular, it
could explain feelings of well-being and elation commonly reported by women

during pregnancy.
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FIGURE LEGENDS

Figure 1. Effect of gender on the spontaneous firing activity of DRN 5-HT
neurons. (A) Integrated firing rate histograms of 5-HT neurons recorded in one
electrode descent along the midline of the DRN in CF (left) and male (right). For
each unit encountered, the 10s bin integrated firing rate was displayed for 5 or 6
bins. In this and the following figures, numbers under each unit indicate distance
in pm below the Sylvius aqueduct. (B) Mean firing rate of DRN 5-HT neurons
expressed in spike per 10s (spk/10s, mean + SEM) for each experimental group
(CF, OVX and males). In this and the following figures, the number of neurons
recorded is indicated in a box at the bottom of each bar. Significance compared to

CF is indicated by an asterisk (P<0.001).
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Figure 2. Effect of pregnancy on the spontaneous firing activity of DRN 5-HT
neurons. (A) Integrated firing rate histograms of 5-HT neurons recorded in one
electrode descent along the midline of the DRN in CF (left) and P17 (right). (B)
Mean firing rate of DRN 5-HT neurons expressed in spike per 10s (spk/10s, mean
+ SEM) for each experimental group (CF, P11, P14, P17, P21 and PP).

Significance compared to CF is indicated by an asterisk (P<0.001).
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Figure 3. Spontaneous NE firing activity. (A) Integrated firing histogram of
typical electrode descents in the LC of CF (leff) and male (ﬁght). Numbers under
each unit indicate distance in um below the 4th ventricle. (B) Mean firing rate of
LC NE neurons expressed in spike per 10s (spk/10s, mean = SEM) for each

experimental group (CF, males, OVX and P17).
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Figure 4. Plasma concentrations of E in relation to 5-HT neurons firing rate.
Columns indicate the spontaneous firing rate of 5-HT neurons (spk/10s, mean +
SEM), scale on the left of each panel, values from Table 1. Scatter and line plots
indicate the levels of E in pg/ml (mean + SEM), scale on the right of each panel.

From 6 to 14 animals were used per group.
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Figure 5. Plasma concentrations of P in relation to 5-HT neurons firing rate.
Columns indicate the spontaneous firing rate of 5-HT neurons (spk/10s, mean +
SEM), scale on the left of each panel, values from Table 1. Scatter and line plots
indicate the levels of P in ng/ml (mean + SEM), scale on the right of each panel.
From 6 to 14 animals were used per group. During pregnancy, the rise and fall of

5-HT neuronal discharge closely followed P levels (right).
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TABLE 1

group |total nb of| mean firing | coefficient mean nb mean nb of
5-HT rate of variation of 5-HT non-5-HT

neurons | (spk/10s) neurons/descent | neurons/rat
M 219 14.2 0.08 4.0+0.4 3.0£0.1
CF 248 10.1 0.2 3.5+0.5 4.5+0.9
ovX 228 10.2 0.13 5.2+1.1 3.2+0.8
P11 193 14.7 0.06 3.6+0.2 3.8£0.9
P14 198 19.9 0.15 3.1+0.4 3.4+£0.8
P17 223 23.8 0.19 2.0+0.4 4.5£1.5
P21 170 13.7 0.20 3.1+0.5 4.4+0.9
PP 197 16.4 0.23 4.4+0.9 4.0+0.8

Table 1. Parameters of spontaneous 5-HT neuronal discharge in the DRN. From 6

to 9 animals were used per group. To quantify the variability of the firing rate

within a group, the distribution of mean firing rates within each group was

characterized with the coefficient of variation (CV=mean/SD); a low CV reflects

an homogeneous distribution of firing rates from rat to rat within the same group.

The mean nb of 5-HT neurons/descent (mean = SEM) and the mean nb of non-5-

HT neurons encountered per rat (mean + SEM) are a measure of the number of

spontaneously active 5-HT and non-5-HT neurons within each group.
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TABLE 2

group total Nb of mean firing mean Nb of NE
NE neurons rate (spk/10s) neurons/descent
Male 88 20.9 4.0+0.8
CF 92 18.8 4.7+1.5
OovX 102 18.6 4.4+0.1
P17 87 20 4.1+£0.5

Table 2. Parameters of spontaneous NE neuronal discharge in the LC. From 3 to 4
animals were used per group. The mean nb of NE neurons/descent (mean + SEM)

is a measure of the number of spontaneously active NE neurons within each

group.
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Foreword to Chapter 3

Gender and gonadal status modulation of dorsal raphe nucleus serotonergic

neurons. Part II: Regulatory mechanisms

In the first part of this study, the spontaneous firing activity of DRN 5-HT
neurons has been shown to be significantly higher in male rats than in freely
cycling female rats. Also, during pregnancy, the 5-HT neuronal activity gradually
increased, peaked at the 17" day of pregnancy and then declined before
parturition, thus paralleling circulating levels of progesterone. Ovariectomy, on

the other hand, did not significantly modify the firing rate of 5-HT neurons.

In order to understand the basis of these gender differences and hormonal
modifications, the second part of the study focussed on the role of different
mechanisms regulating the 5-HT neuronal firing activity (as detailed in the
introduction). The function of 5-HT;n receptors and the GABAergic tonic
inhibition of 5-HT neurons was pharmacologically assessed in males,
ovariectomized females and pregnant females and compared to that of freely

cycling females.
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SUMMARY

In the companion paper, we showed that the spontaneous firing activity of
DRN 5-HT neurons is significantly higher in male (M) than in freely cycling
female (CF) rats. Moreover, during pregnancy, it increased in parallel to
circulating levels of progesterone, peaking at day 17 of pregnancy (P17). In this
second part, we assessed the role of three regulatory mechanisms potentially
involved in these modifications of the 5-HT neurons firing activity. During
pregnancy, the EDs, for the response to LSD was decreased by about 70%,
indicating a partial desensitization of 5-HTs autoreceptors, which is consistent
with the 5-HT neurons higher firing activity. The GABAergic tonic inhibition of
5-HT neurons was assessed using the responses to GABA, bicuculline and
isoniazid. Together, they indicate a lower GABAergic tonic inhibition in males
and P17 as compared to CF, which is in agreement with their greater 5-HT
neurons firing rate. Finally, the efficacy of the long feedback loop, involving
postsynaptic 5-HT 4 receptors, did not seem affected by gender, ovariectomy or
pregnancy since the response to systemic 8-OH-DPAT was similar. These results
constitute strong evidence of mechanisms by which gender and hormonal
fluctuations can modulate the 5-HT neurons function and influence vulnerability

to mood disorders.
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INTRODUCTION

Several studies strongly support a functional modulation of the 5-HT
system by ovarian steroids (reviewed in Bethea et al., 1999). In order to further
characterize this modulation, we used in vivo electrophysiology to study the effect
of gender, ovariectomy and pregnancy on dorsal raphe nucleus (DRN) 5-HT
neurons spontaneous activity. In the first part of this paper we have shown that
the spontaneous firing activity of DRN 5-HT neurons is significantly higher in
male (M) than in freely cycling female (CF) rats (companion paper).
Ovariectomy (OVX), on the other hand, did not significantly modify the 5-HT
neuron basal firing rate (companion paper). Interestingly, during pregnancy, the
spontaneous firing rate increased gradually to peak at the 17" day of pregnancy
(P17) and then declined before parturition, thus following circulating levels of

progesterone, but not of estrogen (see companion paper).

In this second part of the study, as an attempt to explain how these
differences in basal firing rate are brought about, we investigated different
mechanisms regulating the firing activity of S-HT neurons. Activation of pre- or
post-synaptic 5-HT 4 receptors triggers the opening of K+ channels. This induces
a hyperpolarization of the neuron and decreases its firing activity (reviewed in de
Montigny & Blier, 1992). Several lines of evidence suggest different properties
for the pre- and the post-synaptic 5-HT 4 receptors (reviewed in de Montigny &
Blier, 1992). Furthermore, several observations led to the hypothesis that 5-HT

neurons are regulated by a small loop (the autoregulation via somatodendritic
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autoreceptors) as well as by a long negative feedback loop involving postsynaptic
5-HT; 4 receptors (Blier et al., 1987; Blier & de Montigny, 1987; de Montigny &
Blier, 1992). Briefly, the long feedback loop hypothesis implies the activation of
post-synaptic 5-HT; receptors, which location still remains to be determined. It
results in the activation of cortical neurons (presumably glutamatergic), which
possibly activate inhibitory GABAergic interneurons, which, in turn, inhibit DRN
5-HT neurons (Blier et al., 1987; Blier & de Montigny, 1987; Hajos et al., 1998;
Hajés et al., 1999). Even if there is only one gene for post-synaptic and
somatodendritic 5-HT; receptors, their pharmacological profile is different and
this effect can be identified using two different S-HT; agonists. At low doses,
the  systemic  administration of the 5-HT;a  agonist R(+)-8-
hydroxydipropylaminotetralin hydrobromide (8-OH-DPAT), exerts its inhibitory
effect on DRN 5-HT neurons partly through the long negative feedback loop, via
the activation of postsynaptic 5-HT;, receptors, whereas diethylamide lysergic
acid (LSD) causes the inhibition of 5-HT neurons through a direct activation of 5-
HTa autoreceptors (Blier et al., 1987; Blier & de Montigny, 1987; Ceci et al.,

1994; Hajos et al., 1998; Hajos et al., 1999).

The inhibitory effect of GABA on DRN 5-HT neurons is also well
known. In this nucleus, GABAergic terminals are present in large numbers and
have been shown to make direct synaptic contact with 5-HT neurons (Harandi et
al., 1987, Wang et al., 1992). A local infusion of GABA or of muscimol (a
GABA, agonist) into the DRN leads to a reduction of 5-HT neurons firing rate

and of extracellular levels of 5-HT in the DRN (Gallager, 1978; Gallager &
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Aghajanian, 1976; Nishikawa & Scatton, 1985; Tao et al., 1996; Tao & Auerbach,
2000; Vandermaelen et al, 1986). Conversely, infusions of bicuculline or
picrotoxin (GABA, antagonists) in the DRN of anesthetized and freely moving
rats, increase extracellular 5-HT in this nucleus and in the striatum (Kalén et al.,
1989; Tao et al., 1996; Tao & Auerbach, 2000). This supports the existence of a
putative GABAergic tonic inhibitory modulation of DRN 5-HT neurons.
Furthermore, in rats, the bicuculline-induced increase of DRN 5-HT neurons
firing activity was observed during waking periods as well as during slow-wave
and REM sleep periods, suggesting that in this species, the tonic GABAergic
inhibition of DRN 5-HT neurons is independent of the vigilance state (Gervasoni

et al., 2000).

Therefore, the effectiveness of these three regulatory mechanisms (the 5-
HT, s autoreceptors, the long feedback loop and the GABAergic tonic inhibition)
of 5-HT neurons activity was assessed in different experimental groups of rats

(CF, M, OVX and P17) and compared to that of CF.
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EXPERIMENTAL PROCEDURE

Animals

All rats used were Sprague Dawleys weighing between 250g and 350g and
kept under standard laboratory conditions (12:12 light-dark cycle with access to
food and water ad [libitum). The different rat populations used for the
experiments consisted of the following: freely cycling females (CF); males (M);
ovariectomized females operated at their 10™ week of life (OVX); females at the
17th day of pregnancy (P17); and postpartum females (PP) separated from their
pups immediately, or a few hours after delivery, and used 1 to 7 days following
parturition. Ethical committee approval was obtained from the McGill University
Animal Ethical Care Committee and all their rules and regulations were followed.

The suffering of animals as well as the number used were kept at minimum.

Electrophysiological Experiments

All rats were anesthetized by an intraperitoneal injection of chloral hydrate
(400 mg/kg) and additional doses of 100 mg/kg were administered when needed.
Rats were immobilized in a stereotaxic apparatus and their body temperature

maintained at approximately 37°C throughout the experiment by a thermistor-

controlled heating pad.

a) Extracellular recording
Extracellular unitary recording of serotonergic neurons were obtained with

single-barelled glass micropipettes filled with a 1M NaCl solution and of final
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impedance ranging between 2 and 6 MQ. A 4 mm-diameter hole was drilled in
the skull of each rat at the appropriate location (about 1 mm anterior of lambda
and centered with respect to the midline). DRN 5-HT neurons unit activity was
recorded by lowering the micropipette along descents covering the nucleus from
300um to about 1500pm anterior of lambda. Spontaneously active DRN 5-HT
neurons were identified by their slow and regular rythmical firing (Aghajanian ez

al., 1978).

For each rat population, the basal firing rate of DRN 5-HT neurons was
calculated by averaging the firing rate of each neuron measured in 1 to 5 complete

descents in the DRN of 3 to 6 rats.

b) Microiontophoresis

In other experiments, the same approach was used for microiontophoresis,
but with five-barrel micropipettes (ASI Instruments, Warren, MI), tip diameter 5-
7 um. The central barrel, used for unit recording, was filled with a 2M Na-acetate
solution. Two of the side barrels were used for drug ejection and were filled with
y-aminobutyric acid (GABA) (2.5 mM in 200 mM NaCl) and bicuculline
methiodide (BicuM) (3 mM in 200 mM NaCl). BicuM was used for
iontophoresis because of the ionic charge it carries, whereas the blood-brain
barrier permeable bicuculline was used for systemic administration (see below).
The third side barrel was filled with 0.5 M Na-acetate and used for automatic

current balancing. A retaining current of -1 nA was applied to each drug barrel
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except during periods of active drug ejection. GABA was applied with currents
of 2-8 nA for a constant duration of 100s. The number of spikes suppressed per
nA, which consists in dividing the total number of spikes suppressed during drug
application by the ejection current, was used as an index of receptor
responsiveness. BicuM was applied with currents of 3-6 nA for a constant
duration of 100 s. The number of spikes generated per nA was used as an index
of endogenous activation of GABA4 receptors. The spikes suppressed per nA,
and spikes generated per nA were calculated by homemade data acquisition

software. From one to four neurons were tested in each animal.

5-HT;4 Receptor Activity Evaluation
For each population (CF, M, OVX, and P17), a dose-response curve of the
inhibitory effect of each of two 5-HT)4 receptor agonists, LSD and 8-OH-DPAT,

was constructed. The LSD and the 8-OH-DPAT doses used ranged from 1 pg/kg

to 40 pg/kg and from 0.5 pg/kg to 4.0 pg/kg, respectively. Each agonist was
injected intraveneously via the tail vein after the basal firing rate of the neuron
had been stable and recorded for at least 1 min. The inhibition was measured as a
percentage of the initial firing rate. Following the stabilization of the inhibited
firing rate, 100 pg/kg of N-[2-(4-[2-methoxyphenyl]-1-piperazinyl)ethyl)]-N-2-
pyridinylcyclohexanecarboxamide (WAY 100635), a 5-HT;a antagonist, was
injected in the same manner in order to bring the neuron back to its initial firing
activity and ascertain that the decrease in the firing rate was solely due to the

effect of the 5-HT; agonist.
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Bicucculine i.v. dose-response curve

For CF, M and P17, a dose-response curve of the effects of the GABA,
receptor antagonist (+)-bicuculline was constructed with doses ranging from 50
ug/kg to 400 pg/kg. (+)-bicuculline, dissolved in 10 % DMSO, was injected
intraveneously (i.v.) via the tail vein after the basal firing rate of the neuron had
been recorded for about 1 min. The increase in firing rate was measured in terms
of percentage of the initial firing rate. For the dose-response curve, doses
inducing convulsion and/or death of the rats were not used. The dose producing
these effects was determined to be 450 mg/kg in males and 500mg/kg in females.

Only doses inducing a stable response of the neuron were used.

Effect of partial GABA depletion

The glutamic acid decarboxylase (GAD) is the enzyme responsible for the
synthesis of GABA from glutamate. In order to evaluate the effect of a partial
depletion in GABA on the tonic GABAergic inhibition of 5-HT neurons activity,
a 500 mg/kg dose of isoniazid (a selective GAD inhibitor) was injected
intraperitoneally (i.p.), to CF, M, and P17, 45 minutes before descending the
electrode in the rat DRN and measuring the spontaneous firing rate of 5-HT

neurons.
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Statistics

Average values are given as the mean £ S.E.M. In some cases, the
coefficient of variation (CV=standard deviation/mean) was calculated to
characterize the spread of a distribution. Statistical analysis were performed using
the software SigmaStat Version 2.0 (Jandel Corporation). One-way ANOVA,
with alpha = 0.05, followed by a post-hoc analysis using Tukey’s method of
comparison versus control (controls being CF) was used for evaluating statistical
significance. In the case of the experiment with isoniazid, the post-hoc analysis
using Tukey’s method allowed multiple pairwise comparisons. Results (F) of
statistical analysis are expressed in terms of number of groups compared (p)and
degrees of freedom between groups compared (df). The EDso for each of the
dose-response curves was calculated by a non-linear regression analysis, using the
software Prism 3.0 (GraphPad). Statistical differences between the entire dose-
response curve for the effect of each of the three drugs (8-OH-DPAT, LSD and
(+)-bicuculline) was assessed using an F-test analysis of variance, with CF as the
comparative control group. In each case, the F value and the total degrees of

freedom (df) are indicated. In all cases, significance was considered for P<0.05.

Drugs

8-OH-DPAT, WAY 100635 (WAY), BicuM, (+)-bicuculline were
purchased from RBI (Sigma-Aldrich, Ontario, Canada), GABA and isoniazid
were purchased from Sigma (Sigma-Aldrich, Ontario, Canada) and LSD was

obtained from U.S.P.C Inc (Rockville, MD).
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RESULTS

Assessment of the long feedback loop activity

A dose-response curve was obtained for the effect of 8-OH-DPAT, a
selective 5-HT;a receptor agonist, in CF, M, OVX and P17. The intravenous
administration of 8-OH-DPAT induced a dose-dependant and reversible inhibition
of 5-HT neurons (Fig. 1A). No statistically significant difference was found
between the 8-OH-DPAT dose-response curves of the different groups as
compared to CF (M: [F(9,2) = 0.9, ns.]; OVX: [F(12,2) = 2.3, n.s.] and P17:
[F(9,2) = 0.9, n.s.] (Fig. 1B). The doses of 8-OH-DPAT causing a 50% inhibition

of the neuronal firing rate (EDsp) in the various groups are the following: CF: 2.51

ng/kg, M: 1.71 pg/kg, OVX: 1.91 ng/kg, and P17: 2.27ug/kg.

Assessment of the 5-HT 4 autoreceptor activity

To assess the responsiveness of the 5-HT; 4 autoreceptor, a dose-response
curve for the effects of LSD, a somatodendritic 5-HT;, agonist, was obtained in
CF, M, OVX and P17. Intravenous injections of LSD caused a dose-dependant
and reversible inhibition of the firing activity of 5-HT neurons (Fig. 2A). The
EDsq values for LSD were the following: CF: 6.94 pg/kg; M: 7.61 ng/kg; OVX:
10.10 pg/kg; and P17: 11.83 pg/kg. An analysis of variance using an F-test
indicated that the entire LSD dose-response curve was statistically different in M

[F(10,2) = 4.6, P < 0.01] and P17 [F(12,2) = 6.9, P < 0.01] but not OVX [F(12,2)
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= 3.0, n.s.] when compared to that of CF (Fig. 2B). The dose-response curve was
shifted to the right in both OVX and P17 as compared to CF, although reaching
statistical significance only in P17. These results suggest a partial functional
desensitization of the 5-HTa autoreceptor during late pregnancy. Although the
EDso values are relatively similar in M and CF, the dose-response curves were

statistically different.

Assessment of the GABAergic tonic inhibition

Many progesterone metabolites are GABA, receptor modulators. Since
we observed a direct correlation between 5-HT neuronal activity and circulating
levels of P from P11 to P21, the responsiveness of the DRN 5-HT neurons to

GABA, as well as their GABAergic tonic inhibition, had to be explored.

In a first set of experiments, the response of DRN 5-HT neurons to
microiontophoretic applications of GABA was examined in CF, M, OVX, P17
and PP. GABA applications (2-8 nA, 100 s) resulted in a suppression of the firing
activity (Fig. 3A), which was totally reversed by the concurrent application of the
GABAA, receptor antagonist BicuM (3-6 nA), in all the neurons tested (illustrated
for P17, Fig. 3A, middle). The onset and offset of GABA action was fast. The
number of spikes suppressed per nA was used as an index of GABA, receptor
sensitivity. Responses to GABA were homogenous in CF (CV = 0.29, n =18), M
(CV = 0.28, n =16) and OVX (CV = 0.29, n =16, Fig. 3B, left). However, the
mean number of spikes suppressed/nA was significantly larger in M (64.3 £ 4.5)

than in CF (49.2 £ 3.3) [F(2,3) = 4.2, P < 0.05, Tukey’s test, q = 3.8, P < 0.05].
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The difference observed between OVX (61.6 + 4.2) and CF did not reach

statistical significance (Tukey’s test, q = 3.1, n.s. ).

Responses to GABA were more variable in P17 (CV = 0.47, n =21) and in
PP (CV = 0.58, n = 21) than in CF (Fig 3B, right). The mean number of spikes
suppressed/nA was lower in P17 (39.4 + 4.0) and PP (26.5 + 3.5) than in CF (49.2
+ 3.3) but the difference reached significance only in PP [F(2,3) =9.7, P < 0.001,

Tukey’s test, q = 3.8, P < 0.05].

In order to compare the GABAergic tonic inhibition of DRN 5-HT
neurons, three sets of experiments were carried out. First, BicuM was
microiontophoretically applied onto 5-HT neurons of CF and P17. In CF, BicuM
ejections (3 nA, 100 s) caused a highly variable increase in firing activity while,
in P17, BicuM (4 nA, 100 s) resulted in an non-significant increase of only a few
percent (Fig. 4A). The number of spikes generated per nA was taken as an index
of the extent of endogenous inhibition of basal firing rate due to the activation of
GABA, receptors (Fig. 4B). The mean number of spikes generated per nA was
drastically reduced in P17 (1.9 % 0.6, n = 6) [F(1,2) = 51.3, P < 0.001, Tukey’s
test, ¢ = 10.1, P < 0.05] compared to CF (13.1 £ 1.3, n = 8). These results
indicate that, in P17, GABA4 receptors are activated to a much lesser extent by

endogenous GABA, than they are in CF.

Also, for CF, M and P17 rats, an i.v. dose-response curve was obtained for

the effect of the blood-brain barrier-permeable GABAA receptor antagonist
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(+)bicuculline (Bicu). Only the excitatory responses of 5-HT neurons were used
in the curve (Fig. 5A). An analysis of variance using an F-test indicated that the
Bicu dose-response curve was statistically different in M [F(5, 2) = 16.8, P <

0.001] but not P17 [F(6, 2) = 1.6, n.s.] as compared to CF (figure 5B).

Isoniazid is a selective inhibitor of the glutamic acid decarboxylase
(GAD), the enzyme converting glutamic acid into GABA. The effect, on the
spontaneous firing rate of 5-HT neurons, of a 500 mg/kg i.p. injection of
isoniazid, which has been shown to induce depletion of about 50% of the GABA
content of the DRN, was investigated (Bagdy et al., 2000). It was used to assess
whether such a treatment would have an effect on the GABAergic tonic inhibition
and, most importantly, whether it would affect the 5-HT neurons firing activity. It
was also used as another mean to assess possible differences in the GABAergic
tonic inhibition of the 5-HT neuronal firing rate between experimental groups. In
CF, M and P17 rats, the basal firing rate of DRN 5-HT neurons was calculated by
averaging the firing rate of each neuron encountered a few descents in the DRN.
This was done in control animals and in rats treated with isoniazid 45 minutes
prior to the experiment (Fig. 6). In CF, the isoniazid treatment induced a
significant increase in 5-HT neuron spontaenous firing rate: 1.55 + 0.09 Hz vs
0.98 + 0.08 Hz [F(5,6) = 11.7, P < 0.001, Tukey’s test, q = 5.8, P < 0.05]. In M
and P17, isoniazid did not induce any significant change (M: 1.34 + 0.65 Hz vs
1.38 = 0.10 Hz, [Tukey’s test, ¢ = 0.4, n.s.]; P17: 1.88 = 1.03 Hz vs 1.99 + 0.14

Hz, [Tukey’s test,q=1.1, n.s.].
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DISCUSSION

The dose-response curves of the effects induced by the systemic
administrations of 8-OH-DPAT were not statistically different in M, OVX and
P17 as compared to CF (Fig.1). However, our results suggest a gender difference
in the 5-HTs autoreceptor-mediated response, as shown by the different dose-
response curves for the effect of LSD (Fig. 2B). LSD is a non-selective agonist of
5-HT receptors and act on several other subtypes including the 5-HT,, and an
antagonist of the 5-HT7.(Krebs-Thomson & Geyer, 1996, Chapin & Andrade,
2001) However, there is no indication that post-synaptic 5-HT,5 or 5-HT;
receptors could be involved in a decrease of the firing activity of DRN 5-HT
neurons and this effect of LSD is therefore assumed to be linked to its affinity for
the 5-HT 4 autoreceptor (Blier & de Montigny, 1987; Blier & de Montigny, 1990,

Krebs-Thomson & Geyer, 1996).

Strong evidence indicates that LSD and 8-OH-DPAT partly exert their
effect through different mechanisms. For instance, in rats, long-term treatments
with gepirone (a 5-HTa agonist) dampened the response of DRN 5-HT neurons
to microiontophoresis application of 5-HT, LSD, 8-OH-DPAT, and to the
systemic administration of LSD but not to that of 8-OH-DPAT (Blier & de
Montigny, 1987; Blier & de Montigny, 1990). Second, short-term lithium
treatments were shown to reduce the EDsy for i.v. 8-OH-DPAT, while leaving
unaltered the response of 5-HT neurons to i.v. LSD or to local applications of

LSD and §-OH-DPAT (Blier et al., 1987). Furthermore, ablation of the medial
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prefrontal cortex (mPCF), which project to the DRN, was shown to dramatically
increase the EDsq for systemic, but not local, 8-OH-DPAT administration (Ceci et
al., 1994; Hajés et al., 1998; Hajos et al., 1999). Also, systemic and local
administration of 8-OH-DPAT in the mPCF inhibited 5-HT neurons, which was
reversed by WAY-100635 (Casanovas & Artigas, 1999; Celada et al., 2001;
Haj6s et al., 1999). Finally, the electrical stimulation of mPCF results in an
inhibition of the majority of DRN 5-HT neurons, which can be reversed or
dampened by WAY-100635 and picrotoxin (Celada et al., 2001; Fletcher et al.,

1996; Hajoés et al., 1998).

It has thus been hypothesized that, contrary to LSD, which produces its
effect through the direct activation of 5-HT;4 somatodendritic autoreceptors, the
systemic administration of low doses of 8-OH-DPAT exerts its effect on DRN 5-
HT neurons, partly through a longer feedback loop (Blier et al., 1987; Blier & de
Montigny, 1987; de Montigny & Blier, 1992; Martin-Ruiz & Ugedo, 2001).
According to this hypothesis, the systemic administration of 8-OH-DPAT would
activate, not only 5-HT;a autoreceptors, but also post-synaptic 5-HT;a receptors
located on inhibitory afferents to mPCF pyramidal glutamatergic neurons, thus
resulting in their excitation (Celada et al., 2001; Hajés et al, 1999). The
projection of mPCF glutamatergic neurons to GABAergic interneurons in the
DRN would then lead to the inhibition of 5-HT neurons (Celada et al., 2001;
Hajos et al., 1998; Hajos et al., 1999). Moreover, some of the cortical neurons

appear to stimulate a small portion of DRN 5-HT neurons, thus, causing 5-HT
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release and consequently inhibiting surrounding 5-HT neurons through activation

of 5-HT s autoreceptors (Celada et al., 2001).

Our results are thus suggesting that the long feedback loop might not be
affected by gender, ovariectomy, nor by pregnancy and might not be sensitive to
ovarian steroids or their fluctuation. They also indicate that the long regulatory
feedback loop does not appear to be implicated in the difference observed in the
DRN 5-HT neurons basal firing activity of the four experimental groups (F, M,

OVX and P17) (see companion paper).

Indeed, the dose-response curves for the effects of LSD are significantly
different between genders. The main difference appears to be in the slope of the
curves, which is steeper in M (Fig. 2B). In order to interpret this in terms of
physiological implications, further experiments will be needed. Nevertheless, one
could speculate either that there is a gender difference in the autoreceptor
expression, conformation and/or functional mechanism. For instance, there could
be greater cooperativity in the binding of 5-HT molecules to the male 5-HTia
autoreceptor, thus resulting in a greater activation of the autoreceptor in the
presence of high concentrations of 5-HT, as compared to the female one. This
could account for the steeper slope observed in the dose-response curve for the
effect of LSD. It is also possible that the male autoreceptor is tonically less
activated by endogenous 5-HT than that of CF. A slightly greater tonic activation
of 5-HT;4 autoreceptor in CF, however insufficient to desensitize it, would be in

agreement with the similar EDso between genders. In such a situation, doses of
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LSD, lower than its EDs, added to the slightly lower tonic activation in M, could
lead to a lesser inhibition of the 5-HT neurons, as observed in the lower part of the
LSD dose-response curve. Doses higher than the EDsy might be large enough for
the slight difference in tonic activation to become unapparent and thus lead to a
similar inhibition of the 5-HT neurons, as is observed at the higher doses of the
curve. Moreover, a slightly less tonically activated 5-HT;a autoreceptor in M
would be in agreement with, and could partly explain, the higher basal firing rate

of 5-HT neurons observed in M as compared to CF (see companion paper).

In P17 rats, the LSD dose-response curve has the same overall shape and
is shifted to the right as compared to that obtained in CF, indicating that
pregnancy leads to a partial desensitization of the autoreceptor without otherwise
altering its functional properties (Fig 2B). In OVX rats, the same phenomenon is
observed without, however, reaching statistical significance (Fig 2B). It could be
hypothesized that P reduces the sensitivity of the 5-HTa autoreceptors, whether
directly or through its metabolites. This would be consistent with both the P17
LSD dose-response curve, which is shifted to the right relative to CF, and the
gradually increasing neuronal firing rate observed during pregnancy paralleling
the increasing P levels (companion paper). It could be brought about through P
neuroactive metabolites. A direct genomic mechanism of action seems unlikely
since P receptors (PR) have not been found in the rat 5-HT neurons but have
rather been shown to be present on neighbouring excitatory amino acid neurons in
the DRN (Alves et al., 1998a, Alves et al., 1998b). A genomic action in those

cells could result in a modulation of the firing activity of 5-HT neurons or of the
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release of 5-HT in the DRN and remains a possibility, which could be
investigated using PR antagonists. Also, a putative difference in the excitatory
amino acids modulation of the 5-HT neuronal function between the experimental
groups used in the present study would be another interesting avenue to explore.
A reduction of the expression of the autoreceptor gene could also be implicated as
it has been shown that ovarian steroid treatments reduce 5-HT;, receptor mRNA
in the DRN of OVX rats and monkeys (Birzniece et al., 2001; Pecins-Thompson
& Bethea, 1999). Different mechanisms of action could by hypothesized to
explain this eventuality. For instance, an enhanced 5-HT release in the DRN

could induce a desensitization / downregulation of the autoreceptor.

In the DRN, GABAergic terminals are present in large numbers and have
been shown to make synaptic contact with the cell bodies and dendrites of 5-HT
neurons (Harandi et al., 1987; Wang et al., 1992). Several lines of evidence
suggest that there is a tonic GABAergic inhibitory modulation of DRN 5-HT
neurons, which is mostly mediated by GABA, receptors (Gervasoni et al., 2000;
Innis & Aghajanian, 1987; Kalén et al., 1989; Tao et al., 1996; Tao & Auerbach,
2000). Furthermore, gender differences in GABA, receptor binding and function
have been demonstrated and have been shown to be region specific (Bujas et al.,
1997; Jiptner & Hiemke, 1990; Wilson, 1992). Also, since many progesterone
metabolites are GABA, receptor modulators, a putative gender- or steroid-
mediated modulation of the GABAergic tonic inhibition of 5-HT neurons had to

be explored (Majewska, 1992; McCauley et al., 1995).
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M and P17, having a higher basal firing frequency than CF, were expected
to have a lower GABAergic tonic inhibition. This would translate into a smaller
excitatory effect on the 5-HT neuron for a same dose of bicuculline (either
systemically or locally administered). Indeed, the effect of iontophoretically
applied bicuculline onto DRN 5-HT neurons was found to lead to a significantly
smaller increase in firing rate in P17 as compared to CF, indicating a lower
GABAergic tone than in CF (Fig 4). A similar trend, although not reaching
significance, was observed following i.v. administration of bicuculline (Fig 5B).
This indicates that 5-HT neurons of P17 rats are receiving a lower GABAergic

tonic inhibition than the ones of CF.

Chronic neurosteroid treatments have been shown to induce important
functional modifications of the GABA,4 receptor complex, which result in a net
reduction of the efficacy of GABA-mediated CI' influx as well as the
pentobarbital, benzodiazepine and neurosteroid-induced potentiation of these CI’
currents (Le Foll et al., 1997; Majewska et al., 1989; Yu et al., 1996a; Yu et al.,
1996b; Yu & Ticku, 1995; Zhu & Vicini, 1997). Furthermore, the neurosteroid
potentiation of muscimol binding to synaptosomal GABA, receptors is reduced
following a S5a-pregnane-3a-ol-20-one treatment and during late pregnancy
(Majewska et al., 1989). It could, thus, suggest that these modifications of the
GABA, receptor function, induced by chronic neurosteroid treatments, are

present during pregnancy, when levels of progesterone metabolites are high. This
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would result in a lesser GABA, receptor responsiveness and would explain the

lower GABAergic tonic inhibition of 5-HT neurons observed in the present study.

M rats present a significantly higher excitatory response to the i.v.
administration of bicuculline than CF (Fig 5B). Although, at first glance, this data
might suggest that M have a higher tonic inhibition than CF, the results obtained
with isoniazid seem to argue against such conclusion (Fig 6). Following the
administration of isoniazid, only in CF was there a significant increase in firing
activity of the 5-HT neurons (Fig.6). A 500mg/kg dose of this inhibitor of GABA
synthesis results in an approximate 50% depletion of the GABA content of the
DRN (Bagdy er al., 2000). Since the study with isoniazid was performed in male
rats, no information is available on the percentage of GABA depletion induced by
this drug in CF or P17. Nevertheless, our results suggest that in CF, it induces a
GABA depletion important enough to reduce the GABAergic tonic inhibition on
5-HT neurons so that it results in an increase in firing activity (Fig 6). This could
suggest that in males, the GABAergic inhibition is smaller than in the females. In
CF, such a strong tonic inhibition would also explain the relatively low excitatory
response observed with i.v. bicuculline. A 400 pg/kg (i.v.) dose of bicuculline,
would be enough to suppress the male GABAergic inhibition of DRN 5-HT
neurons, but possibly not sufficient to do so in CF. CF would have a greater
number of tonically activated GABA4 receptors than M. Therefore, reducing the
level of GABA 1n the synaptic cleft (e.g. with isoniazid) would result in a greater

excitatory response as is, in fact, observed in CF. Accordingly, a dose of
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bicuculline important enough to block the majority of GABA, receptors in M

would not do so in CF, explaining the relatively lower excitatory response.

When compared to CF, the mean number of spikes suppressed per nA
(ss/nA) of iontophoretically applied GABA was significantly greater in M,
indicating an apparent higher sensitivity the inhibitory effect of GABA. Again,
this data is consistent with male 5-HT neurons being under lower GABAergic
tonic inhibition than CF and subsequent GABA application having more

pronounced inhibitory effect.

In summary, the present investigation of three different regulatory
mechanisms suggest that the 5-HT;s somatodendritic autoreceptor is partly
desensitized in P17 as compared to CF, which is consistent with their increase in
5-HT neurons firing rate. Moreover, 5-HT neurons of both M and P17 appear to
be under lower GABAergic tonic inhibition, which is also consistent with their
higher basal firing rate as compared to CF. On the other hand, the long feedback
loop does not seem to be affected by gender or by gonadal status and might not
represent an important contribution to explain the difference in spontaneous firing

rate observed between experimental groups.
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FIGURE LEGENDS

Figure 1: Responsiveness of the 5-HT receptor and effect on the 5-HT neurons
firing activity. (A) Integrated firing rate histograms of DRN 5-HT neurons,
showing the inhibitory effect of a single dose of 8-OH-DPAT (3.5 pg/kg, i.v.) and
its reversal by the 5-HT;, antagonist WAY 100635 (100 pg/kg, i.v.), in CF, M,
P17. (B) Relationship between the degree of inhibition of the DRN 5-HT neurons
firing activity and the dose of 8-OH-DPAT administered intravenously in CF (=
0.80), M (2 = 0.83), OVX (r* = 0.91), and P17 (r* = 0.95) on a logarithmic scale.
The initial response to the first dose of 8-OH-DPAT of a single 5-HT neuron in

each rat was used to construct the curve.
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Figure 2: Responsiveness of the 5-HTia autoreceptor and effect on the 5-HT
neurons firing activity. (A) Integrated firing rate histograms of DRN 5-HT
neurons, showing the inhibitory effect of a single dose of LSD (20 pg/kg, 1.v.) and
its reversal by the 5-HT;, antagonist WAY 100635 (100 pg/kg, i.v.), in CF, M,
and P17. (B) Relationship between the degree of inhibition of the DRN 5-HT
neurons firing activity and the dose of LSD administered intravenously in CF, M,
OVX, and P17 on a logarithmic scale. The initial response to the first dose of

LSD of a single 5-HT neuron in each rat, was used to construct the curve.
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Figure 3: Responsiveness of the GABA, receptor to GABA in 5-HT neurons. (A)
Integrated firing rate histograms displaying the response to the microiontophoretic
application of GABA (100 s) in CF, P17, and PP. In CF, GABA (2 nA) resulted
in 55.4 ss/nA (leff). In P17, GABA (3 nA) resulted in 41.4 ss/nA; the GABA4
receptor antagonist BicuM (3 nA, 130s) gjected simultaneously with GABA,
totally reversed firing inhibition caused by GABA, indicating that GABA,
receptors are mediating responses to GABA (middle). In PP (7 days after
parturition), GABA (2 nA) caused an almost imperceptible decrease in firing rate;
GABA (8 nA) resulted in 7.5 ss/nA. (B) ss/nA corresponding to single
applications of GABA in each group (columns of open symbols); the group mean

is indicated by the horizontal bar.
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Figure 4: Responsivess of the GABA, receptor to local BicuM 5-HT neurons of
CF and P17. (A) Integrated firing rate histograms showing the response of 5-HT
neurons to the microiontophoretic application of BicuM (100s). In CF, BicuM (3
nA) resulted in 17.4 sg/nA (left). In P17, BicuM (4 nA) resulted in 2.7 sg/nA. (B)
sg/nA corresponding to single applications of BicuM (columns of open symbols);

the group mean is indicated by the horizontal bar.

239



Figure 4

A

CF P17 _
= BicuM BicuM
z 397 3nA 3.0- 21A
L 20- 2.04
©
IED 1.0 1.0-
o 0- 0-

1 min
B
< 18' 8
% o
o)

()

5 12 3

| -

[b) @]

-

> o

o 87

b} o)

o 0

o

»w 0 ;@

9
m
By
—t
~



Figure 5: Responsivess of the GABA, receptor to intravenous Bicu and effect on
the 5-HT neurons firing activity. (A) Integrated firing rate histograms of DRN 5-
HT neurons, showing the excitatory effect of a single dose of bicuculline (400
ng/kg, i.v.), in CF, M, and P17. (B) Relationship between the degree of
enhancement of the DRN 5-HT neurons firing activity and the dose of bicuculline
administered intravenously in CF, M, and P17 on a logarithmic scale. The initial
response to the first dose of Bicu of a single 5-HT neuron in each rat was used to

construct the curve.
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Figure 6: Mean firing rate of DRN 5-HT neurons expressed in Hz (mean +
S.E.M.) in CF, M, OVX, and P17 following, or not, an injection of isoniazid (500
mg/kg, ip.). The number of neurons recorded is indicated in each box.
Significance compared to the respective control group is indicated by a star (p<

0.01).
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Foreword to Chapter 4

Modulation of the firing activity of female dorsal raphe nucleus serotonergic

neurons by neuroactive steroids

Ovarian steroids have been shown to modulate the expression of several
genes of the 5-HT system (see introduction). Furthermore, the previous
manuscripts of this thesis have shown that the spontaneous firing are of DRN 5-
HT neurons is significantly higher in males and in pregnant females than in freely
cycling females. Interestingly, during pregnancy, the 5-HT neuronal firing
activity rate follows circulating levels of progesterone. These data strongly
suggested a modulation of 5-HT neuronal activity by ovarian steroids, especially
progesterone. The aim of this study was thus to assess a possible modulation of
5-HT neuron firing activity by progesterone and its metabolites by preventing the
synthesis and metabolism of progesterone as well as directly administering these

steroids in the cerebrospinal fluid of female rats.
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MODULATION OF THE FIRING ACTIVITY OF FEMALE DORSAL
RAPHE NUCLEUS SEROTONERGIC NEURONS BY NEUROACTIVE

STEROIDS
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ABSTRACT

Important gender differences in mood disorders result in a greater
susceptibility for women.  Accumulating evidence suggest a reciprocal
modulation between the 5-HT system and neuroactive steroids. Previous data
from our laboratory have shown that during pregnancy, the firing activity of 5-HT
neurons increases in parallel with progesterone (P) levels. This study was
undertaken to evaluate the putative modulation of the 5-HT neuronal firing
activity by different neurosteroids. Female rats received intracerebroventricularly
(i.c.v.), for 7 days, a dose of 50 pg/kg/day of one of the following steroidsl: P,
pregnenolone (PREG), 5B-pregnane-3,20-dione (5B-DHP), 5(B-pregnane-3o.-
0l,20-one (3a,5B-THP), 5B-pregnane-33-0l,20-one (3B,5p-THP), Sa-pregnane-
3,20-dione (50-DHP), Soa-pregnane-3a-o0l,20-one (allopregnanolone, 3a,50.-
THP), S5a-pregnane-3B-ol,20-one (3B,5a-THP) and dehydroepiandrosterone
(DHEA). 5B-DHP and DHEA were also administered for 14 and 21 days (50
ng/kg/day, i.c.v.) as well as concomitantly with the selective o antagonist NE-
100. In vivo extracellular unitary recording of 5-HT neurons performed in the
dorsal raphe nucleus of these rats revealed that DHEA, 5B-DHP and 3a,5a-THP
significantly increased the firing activity of the 5-HT neurons. Interestingly, 5p-
DHP and DHEA showed different time-frames for their effects with 53-DHP
having its greatest effect after 7 days to return to control values after 21 days,
whereas DHEA demonstrated a sustained effect over the 21-day period. NE-100

prevented the effect of DHEA but not of 5-DHP, thus indicating that it o
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receptors mediate the effect of DHEA but not that of 5f-DHP. In conclusion, our
results offer a cellular basis for potential antidepressant effects of neurosteroids,

which may prove important particularly for women affective disorders.

Abbreviations: 3a,5a-THP, Sa-pregnane-3a-0l,20-one (allopregnanolone);
30,5B-THP, 5p-pregnane-3a-0l,20-one; 3B,5a—THP,V Sa-pregnane-3p-o0l,20-one;
3B,5B-THP, 5B-pregnane-3p-ol,20-one; 5o-DHP, 5o-pregnane-3,20-dione; 5(B-
DHP, 5B-pregnane-3,20-dione; 5-HT (serotonin), 5-hydroxytryptamine; DHEA,
dehydroepiandrosterone; DRN, dorsal raphe nucleus; FC, freely cycling females;
GABA, y-aminobutyric acid; NE-100, N,N-dipropyl-2-(4-methoxy-3-(2-
phenylethoxy)phenyl)-ethyl.émine; OVX, ovariectomized females; P,

progesterone; PREG, pregnenolone; SSRI, serotonin reuptake inhibitor.
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INTRODUCTION

There are important gender differences in susceptibility for mood
disorders. Women experience depressive episodes earlier in life, more frequently,
more recurrently and more persistently than men (Weissman & Klerman, 1977;
Weissman & Klerman, 1985; Maes et al., 1986; Parry, 1989; Hamilton, 1993;
Kessler et al., 1994, Weissman et al., 1996; Komstein, 1997; Joffe & Cohen,
1998). The mechanisms underlying these gender differences are not understood.
It has been suggested that the frequent hormonal variations experienced by
women might contribute to their vulnerability to depression (Endicott, 1993;
Pajer, 1995; Komnstein, 1997; Joffe & Cohen, 1998). Although the etiology of
major depression remains unclear, the enhancement of serotonergic (5-HT)
neurotransmission observed with antidepressant treatments suggests the
implication of the 5-HT system in the biology of depression (Racagni & Brunello,

1999; Blier & de Montigny, 1999).

Ovarian steroids are known to affect brain areas not directly related to
reproductive functions, such as the dorsal raphe nuclei (DRN) (McEwen et al.,
1998). This nucleus being a region rich in 5-HT neuron cell bodies, ovarian
steroids may have a functional impact on the 5-HT system. Numerous studies,
performed in females, indicate that ovarian steroids modulate the expression of
several genes of the 5-HT system (e.g. tryptophan hydroxylase, vesicular
monoamine transporter, serotonin reuptake transporter and different 5-HT

receptors) (see review by Bethea et al., 1999).
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Moreover, there 1s accumulating evidence suggesting that depressive states
may be associated with a decrease in 3a,5a-THP (allopregnanolone) levels. For
instance, in a mouse model of depression, long-term social isolation decreases the
cortical levels of 3a,50-THP and 5a-DHP (Dong et al., 2001). Also, the levels of
3a,50-THP and 3a,5B-THP were shown to be significantly lower in the
cerebrospinal fluid (CSF) and plasma of depressed patients as compared to
controls (Romeo et al, 1998; Uzunova et al., 1998). Conversely, selective
serotonin reuptake inhibitors (SSRIs) have been shown to increase the cerebral
content of some neuroactive steroids both in rats and humans (Uzunov et al.,
1996; Griffin & Mellon, 1999; Serra et al., 2001). Furthermore, successful
antidepressant treatments not only regularize the levels of neuroactive steroids,
but the extent of the increase in CSF contents of 3a,50-THP and 3o,5B-THP is
also proportional to the mood improvement (Romeo et al., 1998; Uzunova et al.,

1998).

Using an in vivo electrophysiological paradigm of extracellular recordings,
we have previously shown that the spontaneous firing activity of DRN 5-HT
neurons is significantly higher in male (M) than in female (F) rats, while
ovariectomy (OVX) did not significantly modify the female 5-HT neuronal basal
firing rate. Interestingly, during pregnancy, the spontaneous firing rate increased

gradually to peak at the 17™ day of pregnancy (P17) and then declined before
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parturition, thus following circulating levels of progesterone (but not of estrogen)

(Klink et al., 2002).

Furthermore, we showed that, during pregnancy, 5-HT;a autoreceptors
were partly desensitized and that 5-HT neurons were probably under a much
lower GABAergic tonic inhibition as compared to that of freely cycling females
(FC) (Robichaud ez al, 2002). Both of these functional modifications are
consistent with the enhanced firing activity of 5-HT neurons observed during
pregnancy. They also provide possible mechanisms by which hormonal
fluctuations can modulate the 5-HT neurons function and influence women

vulnerability to mood disorders.

Taken together, the literature and our previous data suggest a reciprocal
modulation between the 5-HT system and neuroactive steroids. Therefore, the
goal of the present studies was to assess a possible modulation of 5-HT neuron

firing activity by progesterone (P) and its metabolites (see Fig.1).
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MATERIALS AND METHODS

Animals

Sprague Dawleys (Charles-River, St-Constant, Québec, Canada) weighing
between 250g and 325g were kept under standard laboratory conditions (12:12
light-dark cycle with access to food and water ad libitum). Freely cycling females
(FC), and ovariectomized females (OVX) were used for the experiments. Ethical
committee approval was obtained from the McGill University Animal Ethical
Care Committee and all their rules and regulations were followed. The suffering

of animals as well as the number used were kept at minimum.

Treatment with inhibitors of progesterone synthesis and metabolism
Ovariectomized females (OVX) operated at their 8™ week of life were
used for treatments with Trilostane (OVX-T) and Finasteride (OVX-F).
Trilostane treatments began at the 9™ week of life. Trilostane suspended in
sesame oil was administered by daily subcutaneous (s.c.) injections of 25 mg/kg
for 14 days. Finasteride treatments began at the 10™ week of life. Finasteride
suspended in 1.5 % methyl cellulose was administered for 5 days by daily gavage
of 20 mg/kg. These doses of Finasteride and Trilostane have previously been
shown to efficiently the So-reductase and 3B-hydroxysteroid dehydrogenase
enzymatic activities, respectively (Potts et al., 1978, Young et al., 1994, Phan et
al., 1999, Micevych et al., 2003). Experiments were carried out on the day

following the last administration of either drug.
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Treatments with steroids

All steroids were dissolved in 3% (v/v) ethanol/distilled water and
administered continuously and intracerebroventricularly (i.c.v.) by mean of a
subcutaneous osmotic minipump connected to a canulae (ALZA, Palo Alto, CA,
USA), which was implanted in the left lateral ventricle of the rat brain. The
surgery was performed as described by the manufacturer (ALZA, Palo Alto, CA,
USA) and under chloral hydrate anesthesia. Each steroid was administered with a
dose of 50pg/kg/day. NE-100, a sigma 1 (o) receptor antagonist, was dissolved
in distilled water and administered subcutaneously (s.c.) by an osmotic minipump

(ALZA, Palo Alto, CA, USA) for a daily dose of 10 mg/kg.

FC received one of the following treatments: 7, 14 or 21 days with either
5B-pregnane-3,20-dione (5B-DHP) or dehydroepiandrosterone (DHEA); 7 days
with either progesterone (P), pregnenolone (PREG), 5B-pregnane-3a-0l,20-one
(3a,,5B-THP), SB-pregnane-3p-0l,20-one (3B,58-THP), Sa-pregnane-3,20-dione
(5a-DHP), 5a-pregnane-3a-ol,20-one (3a,5a-THP) or Sa-pregnane-33-01,20-one
(3B,50-THP); 7 days with either SB-DHP or DHEA concomitantly with NE-100.
A first control for the surgical procedure was obtained with i.c.v. administration
of saline for 7 days. A second series of controls received 3% ethanol, i.c.v., for 7
days. Experiments were carried out the day following the last day of

administration and after removal of the canulae. Following experiments, every
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brain was removed, frozen at —80°C and sliced using a microtome to confirm the

position of both the canulae and the recording electrode.

Electrophysiological Experiements

All rats were anesthetized by an intraperitoneal injection of chloral hydrate
(400 mg/kg) and additional doses of 100 mg/kg were administered when needed.
Rats were immobilized in a stereotaxic apparatus and their body temperature was
maintained at approximately 37°C throughout the experiment by a thermistor-

controlled heating pad.

Extracellular unitary recording of serotonergic neurons were conducted
with single-barelled glass micropipettes pulled in a conventional manner, filled
with a 1M NaCl solution and of final impedance ranging between 2 and 6 MQ. A
4 mm-diameter hole was drilled in the skull of each rat at the appropriate location
(about 1 mm anterior of lambda and centered with respect to the midline). DRN
5-HT neurons unit activity was recorded by lowering the micropipette along
descents covering the nucleus from 300um to about 1500um anterior of lambda.
Spontaneously active DRN 5-HT neurons were identified according to the criteria
of Aghajanian: a slow and regular rythmical firing rate and positive action

potentials of long duration (Aghajanian et al., 1978).

For each group of rats, the basal firing rate of 5-HT neurons was

calculated by averaging the firing rate of each neuron measured. This was
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achieved by recording, for at least 60 seconds, each 5-HT neuron encountered in

complete descents in the DRN of 3 to 6 rats.

Statistics

Statistical analysis were performed with the software SigmaStat for
Windows Version 4.0 (Jandel Corporation). Average values are given as the mean
+ S.E.M. One-way ANOVA, with alpha = 0.05, followed by a post-hoc analysis
using Tukey’s method of comparison versus control was used for evaluating
statistical significance. Results (F) of statistical analysis are expressed in terms of
degrees of freedom between groups compared (df) and number of groups

compared (p). Significance was considered for P<0.05.

Drugs

Trilostane was obtained from Sanofi Research Division (Malvern, PA),
NE-100 was kindly provided by Taisho Pharmaceutical Co. Ltd. (Tokyo, Japan)
and Finasteride was prepared from 5mg commercial pills of Proscar (Merck
Frosst). Steroids used were: progesterone, pregnenolone, 5B-pregnane-3,20-
dione, 5B-pregnane-3a-ol,20-one, SB-pregnane-33-o0l,20-one, Sa-pregnane-3,20-
dione, Soa-pregnane-3a-ol,20-one, Sa-pregnane-3f3-ol,20-one (Steraloids), and

DHEA (Sigma Aldrich).
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RESULTS

Two types of controls were separately carried out in order to assess the
potential effect of the surgical procedure and of the vehicle. Since the surgical
control (saline, i.c.v.) were very similar to FC (1.01 £ 0.07 Hz, n =70, and 1.02 +
0.07 Hz, n = 72 (data not shown), respectively, the vehicle control was used for
comparison with the subsequent treatments. P, administered i.c.v. for 7 days to

FC did not significantly modify the firing activity of 5-HT neurons (1.21 + 0.07

Hz,n=95vs 1.18 £ 0.1_0 Hz, n =52, [F(1,2) = 0.09, n.s.]) (Fig.2).

Since in a previous series of experiments, ovariectomy did not decrease
the basal firing activity of 5-HT neurons (Klink ez al., 2002), we decided to
investigate if the cerebral de novo synthesis of P was sufficient to maintain the
basal 5-HT neuron activity. Thus, to prevent local P synthesis, OVX rats were
treated with trilostane (an inhibitor of the 3B-hydroxysteroid dehydrogenase, the
enzyme responsible for converting PREG into P, see Fig.1). As reported before,
the firing activity of 5-HT neurons was not significantly modified following OVX

(as compared to FC, [F(1,2) =1.19+ 0.12 Hz, n =43 vs 1.02 £+ O'.O7 Hz, n=72,

n.s.], Fig. 3A). Following the treatment with trilostane (25 mg/kg/day for 14

days), the firing activity of 5-HT neurons was increased by less than 10%, which

was not statistically significant as compared to OVX (1.29 + 0.11 Hz, n = 44 and

1.19 £ 0.12 Hz, n = 43, respectively, [F(1,2) = 0.37, n.s.], Fig. 3B).
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As another way to assess the capacity of the cerebral de novo synthesis of
P to influence the basal firing rate DRN 5-HT neurons, OVX were treated with
finasteride (20 mg/kg/day for 5 days), a selective blocker of the Sa-reductase (the
enzyme metabolizing P into 5a-DHP, see Fig.1). This was done to prevent the
catabolism of P and, therefore, to increase its cerebral levels. Increasing P levels
with finasteride did not significantly increase in 5-HT neuron firing activity as

compared to OVX (1.34 £ 0.08 Hz, n = 42 and 1.19 + 0.12 Hz, n = 43,

respectively, [F(1,2) = 1.00, n.s.], Fig. 3B).

Since P does not seem to affect the firing activity of 5-HT neurons, the
effects of its precursor and of some of its metabolites were investigated. As was
the case with P, a 7-day treatment with PREG led to a non-significant increase in

5-HT neuronal firing rate (1.52 £ 0.17 Hz, n = 55 vs 1.19 £ 0.13 Hz, n = 41,

[F(1,2) =2.07, n.s.], Fig.4).

In parallel to P, DHEA is also synthesized from pregnenolone (Fig.1). The
DHEA treatments led to an increase in firing activity, which persisted over time

(Fig.5). After 7 days, the mean firing frequency of 5-HT neurons was increased

from 0.96 + 0.08 Hz, n = 52, to 1.48 £ 0.11 Hz, n = 78 ([F(5,6) = 7.92, P<0.001,
Tukey’s test, q = 4.8, P<0.01]), after 14 days, it was increased from 1.10 & 0.09
Hz, n=541t0 1.66 £ 0.11 Hz, n = 68 ([F(5,6) = 7.92, P<0.001, Tukey’s test, q =
5.1, P<0.01]), and after 21 days it reached 1.82 + 0.18 Hz, n = 40 as compared to

1.21 £ 0.11 Hz, n = 54 ([F(5,6) = 7.92, P<0.001, Tukey’s test, q = 4.9, P<0.01).
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Since the increase in 5-HT neurons’ firing activity, measured following P
treatments, was not present as expected from the results obtained during
pregnancy (Klink et al., 2002), the possible implication of different P metabolites
was investigated. First, females were treated for 7, 14 and 21 days with 5p-DHP.
The 7-day treatment led to a significant increase in 5-HT neurons basal firing rate
(1.64 = 0.11 Hz, n =45, [F(5,6) = 7.01, P< 0.001, Tukey’s test, q = 6.0, P<0.01],
Fig. 6). This was followed by a gradual decrease towards control values (Fig. 6);
after 14 days of administration, the increase in firing rate was still statistically

significant as compared to its control (1.57 = 0.09 Hz,n =78, vs 1.10 + 0.08 Hz, n
= 63, [F(5,6) = 7.01, P< 0.001, Tukey’s test, q = 5.2, P<0.01]) but not after 21
days of treatment (1.16 = 0.13 Hz, n = 55, vs 1.22 + 0.11 Hz, n = 46, [F(5,6) =

7.01, P<0.001, Tukey’s test, q = 0.6, n.s.).

The enzymes converting 58-DHP into its metabolites 3a,5p-THP and
3B,5B-THP are present in the brain (Guennoun et al., 1995; Celotti et al., 1992).
Therefore, FC were administered for 7 days with these metabolites but neither
treatment led to a statistically significant increase in the firing rate of 5-HT

neurons as compared to controls (3a,,5B-THP: 1.47 + 0.14 Hz, n = 50 vs 1.23 %

0.13 Hz, n = 47, [F(1,2) = 1.52, n.s.] and 3B,5B-THP: 1.51 + 0.12 Hz, n = 68 vs

1.23 £0.13 Hz, n =47, [F(1,2) =2.39, n.s.], Fig. 7).

The effect of the other P metabolite stereoisomers was also investigated.

FC received a 7-day administration of 5a-DHP, 3a.,5a-THP and 3B,5a-THP (Fig.
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8). Neither 5a-DHP nor its metabolite 3B,50-THP significantly modified the
firing activity of 5-HT neurons (1.12 = 0.09 Hz, n = 63, [F(1,2) = 0.33, n.s.] and
1.35+£ 0.11 Hz, n =75, [F(1,2) = 0.80, n.s.], respectively as compared to 1.20 +
0.10 Hz, n = 42 for the controls). However, 3a,50-THP induced a pronounced
increase in their firing rate (1.97 + 0.13 Hz, n = 58 compéred to 1.20£ 0.10 Hz, n

=42, [F(1,2) = 18.23, P< 0.001).

DHEA has been shown to have agonistic properties at sigma (o) receptors
in a model using the NMDA response in the hippocampus (Bergeron et al., 1996,
Debonnel et al., 1996). For this reason, FC were treated simultaneously with
DHEA and the selective o; antagonist NE-100 to investigate if the higher firing
rate induced by DHEA was mediated by o, receptors. NE-100, at a dose shown
to block the effect of other o ligands (Bermack & Debonnel, 2001), prevented the
increase in firing rate induced by DHEA (controls: 0.96 + 0.08 Hz, n = 52;
DHEA: 1.48 £ 0.11 Hz, n = 78 [F(2,3) = 6.22, P< 0.005, Tukey’s test, q = 5.0, P<
0.05]; DHEA + NE-100: 1.22 + 0.10 Hz, n = 70, [F(2,3) = 6.22, P< 0.005,
Tukey’s test, q = 2.5, n.s.], Fig. 9) indicating that this effect was mediated by o,
receptors. Because the effect of 5-DHP had a different time-frame, as compared
to that of DHEA, the implication of &; receptors was also investigated for this
steroid. However, NE-100 did not prevent the 5p-DHP-induced increase in firing

rate (controls: 1.06 + 0.07 Hz, n = 86; 5p-DHP: 1.64 + 0.11 Hz, n = 45 [F(2,3) =
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‘ 14.95, P< 0.001, Tukey’s test, q = 6.4, P< 0.05]; 5B-DHP + NE-100: 1.67 + 0.14

Hz, n =40, [F(2,3) = 6.23, P< 0.001, Tukey’s test, q = 6.2, P< 0.05], Fig. 10).
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DISCUSSION

The main findings of this study are 1) the increase in the firing activity of
female 5-HT neurons following the chronic administration of some neuroactive

steroids, i.e. 5B-DHP, 3a,5a-THP and DHEA, and 2) the effect of DHEA but not

of 53-DHP is mediated, at least in part, by o1 receptors. Furthermore, the larger
effects of some metabolites compared with those of P, and the fact that P is
rapidly metabolized in the brain, suggest that the metabolites may play an

important role in the modulation of the 5-HT neuronal activity.

In a previous study, we have shown that during pregnancy the spontaneous
firing rate of 5-HT neurons is more than doubled (Klink e al., 2002). Moreover,
the firing activity of 5-HT neurons changes in parallel with the plasma levels of P
(Klink et al., 2002). Our hypothesis was therefore that, progesterone could be
responsible for increasing the 5-HT neuronal activity in females. However, in
OVX rats, the plasma levels of P are much lower than in FC while the firing rate
of DRN 5-HT neurons is unchanged when compared to FC (Klink et al., 2002).
This was suggesting that the de novo synthesis of P, which is known to occur in
the brain (Guennoun et al.‘, 1995), might be sufficient to maintain a normal level

of the 5-HT neuron firing activity following an ovariectomy.

In rats treated with P for 7 days, the absence of significant modification of

the firing activity indicates that P is probably not directly involved in the increase
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of 5-HT neuronal firing activity observed during pregnancy. Based on the
literature, cerebral concentrations were extrapolated to be about four times higher
than that reached by P during pregnancy (Corpéchot et al., 1993) and are thus in
the high physiological range. However, P was administered only for 7 days and

an effect of P following a longer treatment cannot be ruled out.

Surprisingly, blocking cerebral P synthesis in OVX rats, with a Trilostane
treatment, did not decrease the firing activity of the 5-HT neurons and there was
even a trend towards an increase. Using different in vivo paradigms, similar or
lower doses of Trilostane were shown to efficiently inhibit the enzyme 3-
hydroxysteroid dehydrogenase (Potts et al., 1978, Young et al., 1994, Phan e al.,
1999, Micevych et al., 2003). A possible explanation was thus that the blockade
of P synthesis could lead to a shift of the biosynthesis equilibrium towards a
greater synthesis of DHEA (see Fig. 1). Rats were therefore treated with the
precursor PREG as well as with DHEA. Administration of DHEA, but not of
PREG, resulted in an enhanced firing activity of the DRN 5-HT neurons, which is
in keeping with our hypothesis. Moreover, this DHEA-induced increase in 5-HT
neuronal firing rate might explain the antidepressant effect observed with DHEA

in humans (Wolkowitz et al., 1997).

Another way to assess the possible effect of the local P de novo synthesis

was to block its catabolism, therefore increasing P cerebral levels in OVX rats.

Finasteride, a selective So-reductase inhibitor, was used for this purpose. It has
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previously been shown that the systemic administration of similar doses of
Finasteride efficiently blocks the enzymatic activity of cerebral Sa-reductase
(Phan et al., 1999). However, in our hands, this treatment did not significantly
change the 5-HT neurons basal firing rate. This constitutes another indication
that, contrarily to our previous hypothesis, P by itself is not involved directly in
the control of the firing activity of DRN 5-HT neurons. This is also in keeping
with the demonstration that following ovariectomy, despite local P synthesis, the
cerebral content of P was decreased by more than 70% (Corpechot et al., 1993)
but that there was no change in the firing activity of 5-HT neurons. Therefore, it
appears that neurosteroids, other than P, are involved in the modification of the

firing activity of DRN 5-HT neurons observed during pregnancy.

P can be metabolized into 5a-DHP and 5B-DHP by the 5o- and 5B-
reductase, respectively, and then further reduced into 3a,50-THP and 3a,5B-THP
by the enzyme 3a-hydroxysteroid oxidoreductase (3a-HSOD) (Kawahara et al.,
1975; Karavolas & Hodges, 1991; Celotti ez al., 1992; Compagnone & Mellon,
2000). These three enzymes (5a- and 5B-reductases, and 3a-HSOD) are present,
and active, in the mammalian brain (Kawahara et al., 1975; 1981; Celotti et al.,
1992). It appears that the principal metabolic pathway for cerebral P is its
reduction into S5a-DHP and 3a,5a-THP (Karavolas & Hodges, 1991; Komeyev et
al., 1993) (see Fig. 1). Interestingly, 3a,,50-THP was the most potent steroid of

the present study. Since this steroid is probably the principal metabolite of P, its
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levels may be elevated enough during pregnancy to substantially contribute to the

increase in the firing activity of 5-HT neurons observed in pregnant rats.

A rather unexpected finding of this study was the different time-frame for
the increase in firing activity of the 5-HT neurons caused by 5-DHP and DHEA.
The 5B-DHP-induced increase in firing activity was maximal after a 7-day
treatment, followed by a gradual decline to finally lose statistical significance
after 21 days of administration. On the other hand, the enhancement of the firing
rate caused by DHEA was sustained over the 21-day period of time. This would
support the hypothesis that more than one receptor is implicated in the effects
seen with the different steroids tested in this study. Indeed, the DHEA-induced
enhancement of the firing activity of 5-HT neurons seems to be mediated, at least
in part, by o) receptors, as shown by the fact that co-administration of the o
receptor antagonist NE-100 prevented this effect. Interestingly, other sigma
ligands have been shown to increase the firing rate of 5-HT neurons in similar
period of times and this effect could be blocked by NE-100 (Bermack and
Debonnel, 2201). Furthermore, the present results could suggest a physiological
basis to the antidepressant-like effects observed for some neuroactive steroids in
an animal model of depression, which effects were also shown to be mediated by
o) receptors (Reddy ef al., 1998; Urani et al., 2001). On the other hand, NE-100
did not prevent the effect of 58-DHP, thus indicating that other receptor(s) must
mediate it. Also, the time-frame for the 5B-DHP-induced increase in firing

activity could suggest a functional desensitization of the receptor mediating the
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effect of 55-DHP on 5-HT neurons, whereas in the case of DHEA, there is no
such indication, which is also in agreement with what is found with other sigma

ligands (Bermack & Debonnel, 2201).

The mechanism(s) by which P metabolites increase the firing activity of 5-
HT neurons is still unclear. However, based on our previous studies with
pregnant rats, a partial desensitization of 5-HT;, autoreceptors appears as a likely
component (Robichaud et al.,, 2002). If neurosteroids, which levels rise
dramatically during pregnancy, are indeed responsible for the pregnancy-induced
desensitization of 5-HT;, autoreceptors, the intracerebral administration of
neuroactive steroids could also lead to such desensitization.  Since 5-HT;a
autoreceptors are inhibitory, their partial desensitization would easily explain the

enhanced firing activity of 5-HT neurons reported in the present study.

On the other hand, recent studies have shown that DHEA promotes
neurogenesis in the hippocampal dentate gyrus and protects it from
glucocorticoids’ detrimental effects (Karishma & Herbert, 2002). Interestingly,
Santarelli and colleagues showed that inhibition of hippocampal neurogenesis
prevents the behavioral effects of antidepressants in different animal models of
depression (Santarelli et al., 2003). Together, these data offer another mechanism
of action for the antidepressant effect of DHEA (Kaminska et al., 2000). Further

studies assessing the effect of other steroids on neurogenesis would be needed to
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assess whether this mechanism of action is specific to DHEA or if it might extend

to other neurosteroids.

The effect of neuroactive steroids on 5-HT neurons activity could also be
mediated through their interaction with GABA,4 receptors. It is well-known that
3o-reduced steroids are GABA, receptor modulators and can even act as proper
agonists (Harrison et al., 1987; Morrow et al., 1989; Puia et al., 1990; McCauley
et al., 1995). P, 5a- and 58-DHP, devoid of such property, are however rapidly
converted into 3a,5a- and 30,5B-THP, which can act on GABA, receptors
(Bitran et al., 1993; Lancel et al.,, 1996). In rats, GABAergic neurons exert a
tonic inhibition of DRN 5-HT neurons which seems to be mediated mostly by
GABA, receptors (Innis & Aghajanian, 1987; Smith & Gallager, 1987; Gervasoni
et al., 2000). Interestingly, during pregnancy, the GABAergic tonic inhibition of
the 5-HT neurons was dramatically reduced when compared to that of FC
(Robichaud et al., 2002). Also, accumulating evidence suggest that sustained
high levels of neuroactive steroids reduce GABA, receptor responsiveness and
the efficacy of modulators to potentiate the chloride influx (Concas et al., 1998;
Friedman et al., 1993; Yu & Ticku, 1995a; Yu & Ticku, 1995b; Yu et al., 1996;
Gulinello et al, 2001). It is thus possible that sustained neurosteroids
administration could cause both a desensitization of GABA4 receptors and/or a
diminution of the tonic GABAergic inhibition on 5-HT neurons and thus increase
the firing activity of these neurons. Interestingly, 3a,5a-THP has the most potent

agonistic properties on GABA, receptors and induced the greatest increase in 5-
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HT neurons firing activity, whereas P and Sa-DHP were devoid of significant

effect, which is in keeping with this hypothesis.

The CSF and plasma of depressed patients have been shown to contain
lower levels of 30,58-THP and 3a,50-THP, than those of healthy volunteers,
which could be brought back up to normal levels by successful antidepressant
treatments (Romeo et al., 1998; Uzunova ef al., 1998; Strohle et al., 1999). No
differences in P levels were observed (Romeo et al., 1998; Uzunova et al., 1998).
Lower serum levels of 3a.,5a-THP were observed in both women suffering from
premenstrual syndrome (PMS), during the luteal phase of their menstrual cycle,
and in women with postpartum blues as compared to corresponding controls
(Rapkin et al., 1997; Nappi et al., 2001). It was suggested that fluoxetine and
other SSRIs interact with the enzyme 3a-HSD, responsible for the reversible
conversion of 5a- and 5B8-DHP into their respective 3a-reduced metabolites
(3a,5a- and 30,53-THP). This interaction would favor the reduction reaction and
would reduce the rate of the oxidative reaction (i.e. conversion of 3a,5c- and
3a,5B-THP into 5o~ and 53-DHP), thus leading to enhanced levels of 3a,5a~ and

3a,5B-THP (Uzunov et al., 1996; Uzunova et al., 1998; Griffin & Mellon, 1999).

Together, these studies could suggest an association between depressive
states with a decrease in 3o,50-THP levels, and mood improvement with an
enhancement of the steroid levels. In agreement with this hypothesis, our results

show that 3a,50-THP significantly increases the 5-HT neuron firing activity in
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females. Since all antidepressant treatments increase the efficacy of the 5-HT
neurotransmission, these results could suggest a potential antidepressant effect for

some neuroactive steroids.

Even if a clear link has not yet been firmly established, recent reports have
suggested that hormonal replacement therapy (HRT) could induce undesirable
side effects (see review by Armitage et al., 2003), which has led many patients to
stop their HRT treatments. Natural hormones might, therefore, not be the best
candidates as long-term adjuvants for antidepressant treatments, which would
have to be administered presumably for several years to patients suffering from
refractory depression.  However, synthetic compounds having a similar
pharmacological profile and the same effects on 5-HT neurons, which could be
administered systemically, become interesting candidates. Therefore, the
modulation by neurosteroids of the firing activity of 5-HT neurons, reported here,

may prove important for the treatment of female mood disorders.
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FIGURE LEGENDS

Figure 1: Partial schematic representation of the progesterone metabolic pathway.
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Figure 2: (A) Integrated firing rate histograms of 5-HT neurons, showing their
spontaneous firing activity, recorded in one electrode descent in the DRN of
females control (3% ethanol, i.c.v., 7 days) and following a treatement with P (50
ug/kg/day, i.c.v., 7 days). (B) Spontaneous firing rate of female DRN 5-HT
neurons expressed in Hz (mean + S.E.M.) in controls and following a 7-day
treatment with P. In this and the following figures, the number of neurons

recorded is indicated in each box.
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Figure 2
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Figure 3: Spontaneous firing rate of DRN 5-HT neurons expressed in Hz (mean +
S.EM.) in FC, OVX (A) and in OVX, OVX treated with trilostane for 14 days
(OVX + Trilostane, 20mg/kg/day, s.c.) and OVX treated with finasteride for 5

days (OVX + Finasteride, 25mg/kg/day, p.o.) (B).
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Figure 3
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‘ Figure 4: Spontaneous firing rate of female DRN 5-HT neurons expressed in Hz
(mean + S.E.M.) in controls (3% ethanol, 7days, i.c.v.) and following a treatment

with pregnenolone (50 pg/kg/day, i.c.v., 7days).
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Figure 5: Spontaneous firing rate of female DRN 5-HT neurons expressed in Hz

(mean + S.E.M.) following different treatment durations with DHEA (50
ug/kg/day, i.c.v.) or 3% ethanol (i.c.v.) for the controls. The stars indicate P <

0.01 as compared to the respective control.

285



Figure 5
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Figure 6: Spontaneous firing rate of female DRN 5-HT neurons expressed in Hz
(mean + S.E.M.) following different treatment durations with 58-DHP (50
ug/kg/day, i.c.v.) or 3% ethanol (i.c.v.) for the controls. The stars indicate P <

0.01 as compared to the respective control.
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Figure 6
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Figure 7: Spontaneous firing rate of female DRN 5-HT neurons expressed in Hz

(mean + S.E.M.) in controls (3% ethanol, i.c.v.) and following a 7-day treatment

with either 30,58-THP (50 pg/kg/day, i.c.v.) or 38,58-THP (50 ng/kg/day, i.c.v.).
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Figure 7
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Figure 8: Spontaneous firing rate of female DRN 5-HT neurons expressed in Hz
(mean + S.E.M.) in controls (3% ethanol) and following a 7-day treatment with
either Sa-DHP, 3a,50-THP or 3B,50-THP (50 pg/kg/day, i.c.v., in each case).

The star indicates P < 0.001.
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Figure 9: Spontaneous firing rate of female DRN 5-HT neurons expressed in Hz

(mean = S.E.M.) in controls (3% ethanol) and following a 7-day treatment with
either DHEA (50 pg/kg/day, i.c.v.) or both DHEA (50 ng/kg/day, i.c.v.) and NE-

100 (10 mg/kg/day, s.c.). The star indicates P < 0.05.
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Figure 9
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Figure 10: Spontaneous firing rate of female DRN 5-HT neurons expressed in Hz

(mean + S.E.M.) in controls (3% ethanol) and following a 7-day treatment with
either 53-DHP (50 pg/kg/day, i.c.v.) or both 5B-DHP (50 pg/kg/day, i.c.v.) and

NE-100 (10 mg/kg/day, s.c.). The stars indicate P < 0.05.
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Figure 10
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Table 1

Steroid Effect on the firing
activity of 5-HT neurons
Progesterone --
Pregnenolone --
DHEA t
5B-DHP 1
3a,5B-THP --
3B,5B-THP --
5a-DHP --
3a,50-THP 4t
3B,5B-THP --

Tablel: Summary of the effect of each steroid after a 7-day treatment
(50pg/kg/day, i.c.v.) on the firing activity of female DRN 5-HT neurons. Only

statistically significant increases are identified by upward arrows.
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Foreword to Chapter 5

Gender differences in the neuroactive steroid modulation of the firing

activity of dorsal raphe nucleus serotonergic neurons

The first study of this thesis has shown that female rats have a slower 5-
HT neuronal firing activity than males. This observation may have implications
in the greater vulnerability of women to develop depression. In the last
manuscript, some neuroactive steroids were shown to modulate the firing activity
of 5-HT neurons in female rats. As a difference in 5-HT neuronal spontaneous
firing rate has been observed between sexes, a possible gender-dependent
modulation of this activity by neuroactive steroids could also be possible.
Therefore, the goal of this study was to further characterize the steroid modulation
of 5-HT neurons. Male rats were thus treated with the steroids, which had been
found to be effective in females (5B-DHP, 3a,50-THP and DHEA). Also, the

effects of estrogen and androgens were also assessed and compared between

S5€X¢ES.
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ABSTRACT

Women are twice as likely to suffer from mood disorders than men.
Moreover, a growing body of evidence suggests a reciprocal modulation between
sex steroids and the serotonin (5-HT) system. A previous study from our
laboratory has shown that the progesterone metabolites 5B-pregnane-3,20-dione
(5B-DHP) and So-pregnan-3a-0l,20-one  (3a,50-THP), as well as
dehydroepiandrosterone (DHEA), increase the firing activity of dorsal raphe
nucleus (DRN) 5-HT neurons in female rats. The present study was undertaken to

assess the effects of these steroids in male rats as well as the effects of
testosterone and 17B-estradiol (17B-E) in both sexes, and finally to evaluate
gender differences in the modulation of the 5-HT neuronal firing activity by these
different neuroactive steroids. Male rats were treated i.c.v., for 7 days, with a
dose of 50 pg/kg/day of one of the following steroids: progesterone, 5p-DHP,
3a,50-THP, DHEA, testosterone, 17B-hydroxy-5a-androstan-3-one (Sa-DHT)
and 17B-E. Some rats also received a 3-day administration of testosterone (50
ng/kg/day, i.c.v.). Females were treated in the same fashion with testosterone and
17B-E. Extracellular unitary recordings of 5-HT neurons, obtained in vivo in the
DRN of these rats, revealed that testosterone and 17B-E increased the firing
activity of 5-HT neurons in both males and females. In males, the effect of
testosterone could already be seen after 3 days of treatment. Neither castration
nor any treatment with other steroids significantly modified the firing rate of male

5-HT neurons. The results of the present study, taken together with previous
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findings, indicate both similarities and differences between sexes in the

modulation of 5-HT neurons by some steroids. This could prove important in

understanding gender differences in mood disorders.
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INTRODUCTION

Gender differences in mood disorders have long been documented. For
instance, it is well established that major depression affects women twice more
often than men (Robins ef al. 1984; Maes et al. 1986; Regier et al. 1988; Kessler
et al. 1993; Kessler et al. 1994; Breslau et al. 1995; Kessler & Walters 1998;
Blazer et al. 2001; Angst et al. 2002; Bijl et al. 2002) and that this ratio appears at
around 12-14 years of age (Breslau et al. 1995; Silberg et al. 1999). Since
puberty is the time when ovarian hormones start to fluctuate in women, these
hormones have been hypothesized to play a role in the differences between sexes

in affective disorders (Pajer 1995; Joffe & Cohen 1998).

There is also increasing evidence suggesting a relationship between
neuroactive steroids and depression, independent of sex. For instance, CSF and
plasma levels of 5B-pregnan-3a-0l,20-one (Ba,5p-THP) (Romeo et al. 1998;
Uzunova et a]. 1998) and So-pregnan-3c-0l,20-one  (3a,50-THP,
allopregnanolone) (Romeo et al. 1998; Uzunova et al. 1998; Strohle et al. 1999;
Stréhle et al. 2000) are lower in depressed patients than in healthy volunteers, and
can be elevated back to normal levels following successful antidepressant
treatments (Romeo et al. 1998; Uzunova et al. 1998,; Stréhle et al. 1999; Stréhle
et al. 2000). Interestingly, the increase in CSF levels of 3o,50-THP was
proportional to the mood improvement (Uzunova et al. 1998). Injection of

fluoxetine or paroxetine to male rats also resulted in a rapid increase in the brain
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content of 3a,50-THP and a concomitant decrease in 5a-DHP, without any
change in pregnenolone (PREG), progesterone or dehydroepiandrosterone
(DHEA) (Uzunov et al. 1996). In a mouse model of depression, long-term social
isolation was shown to decrease the cortical levels of 3a,5a-THP and 5a-
pregnane-3,20-dione (5a-DHP), but not progesterone or PREG, by reducing the

5o-reductase’s MRNA and protein expression (Dong et al. 2001) (for partial
steroid metabolism, see Fig. 8). Finally, clinical studies have shown
antidepressant properties for DHEA (Wolkowitz et al. 1995; Wolkowitz et al.

1997; Wolkowitz et al. 1999; Bloch et al. 1999).

The serotonergic (5-HT) system has also long been implicated in the
neurobiology of mood disorders since, amongst other evidence, most
antidepressant treatments result, through various mechanisms of action, in an
enhanced 5-HT neurotransmission (Blier & de Montigny 1994; Owens 1996).
Interestingly, numerous studies indicate that ovarian steroids modulate the gene
expression and functional activity of different components of the 5-HT system
(reviewed in Bethea et al. 1999). We have previously shown, using in vivo
electrophysiology, that this modulation could be observed with the electrical
activity of dorsal raphe nucleus (DRN) 5-HT neurons. Indeed, during pregnancy,
the firing rate of 5-HT neurons gradually increases, peaks at the 17™ day of
pregnancy and then declines before parturition, thus directly reflecting plasma
levels of progesterone (Klink et al. 2002). Furthermore, we have shown that a 7-

day administration of 5B-pregnane-3,20-dione (58-DHP), 3a,5a-THP or DHEA
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increases the firing activity of female 5-HT neurons (Robichaud & Debonnel
2004). Together, these data strongly suggest a reciprocal modulation between the

5-HT system and neuroactive steroids.

Furthermore, several studies indicate gender differences in the 5-HT
system (Rosecrans 1970; Carlsson et al. 1985; Kennett et al. 1986; Carlsson &
Carlsson 1988; Haleem et al. 1990; Maswood et al. 1995; Ellenbogen et al. 1996;
Nishizawa et al. 1999; Zhang et al. 1999; Li et al. 2000; Okazawa et al. 2000).
Interestingly, we have shown that males have a faster spontaneous 5-HT neuronal
firing activity than females (Klink er al. 2002). There is also evidence that
testosterone can modulate the expression of different 5-HT receptors in various
regions of the brain (Sandrini ef al. 1989; Mendelson & McEwen 1990; Sumner
& Fink 1998; Fliigge et al. 1998) as well as the function of the 5-HT system

(Sundblad & Eriksson 1997; Cologer-Clifford et al. 1999; Thiblin et al. 1999).

The present study was thus undertaken to further characterize gender
differences in 5-HT neuronal activity and in its modulation by neuroactive
steroids since better understanding of these aspects could be important in
elucidating the putative role of neurosteroids in mood disorders, the related sex
differences and possibly new therapeutic approaches. Male rats were therefore
treated with the steroids which had been shown to be the most potent on the
female 5-HT neurons, ie. 5B-DHP, 3a,50-THP and DHEA (Robichaud &

Debonnel 2004) as well as with progesterone. Moreover, males having higher
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levels of testosterone than females, it was hypothesized that this hormone might
also play a role in the gender difference observed in the spontaneous firing
activity of 5-HT neurons (Klink et al. 2002). For this reason, the effects of
testosterone on the firing activity of 5-HT neurons were also investigated in both
male and female rats. Finally, since the putative effect of testosterone might be
mediated through its conversion into estrogen, the effects of this hormone were

also assessed in our paradigm.
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MATERIALS AND METHODS

Animals

All rats used were Sprague Dawleys (Charles-River, St-Constant, Québec,
Canada) weighing between 250g and 325g and kept under standard laboratory
conditions (12:12 light-dark cycle with access to food and water ad lib.). Freely
cycling females, males and castrated males (CX) were used for the experiments.
CX were castrated at their 10™ week of life and used no sooner than one week
after surgery. Ethical committee approval was obtained from the McGill
University Animal Ethical Care Committee and all their rules and regulations

were followed.

Treatments with steroids

All steroids were dissolved in 3% (v/v) ethanol/distilled water and
administered continuously and i.c.v. by mean of a s.c. osmotic minipump
connected to a canulae (ALZA, Palo Alto, CA, USA), which was implanted in the
left lateral ventricle of the rat brain. The surgery was performed as described by
the manufacturer (ALZA, Palo Alto, CA, USA) and under chloral hydrate

anesthesia. Each steroid was administered at a dose of 50ug/kg/day.

Females were treated for 7 days with 3% ethanol (for the controls), 17p-
estradiol (17B-E) or testosterone. Males received one of the following steroids for

7 days: progesterone, 5B-pregnane-3,20-dione (5B-DHP), So-pregnan-3a-ol,20-
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one (3a.,50-THP), dehydroepiandrosterone (DHEA), 17B-E, testosterone or 17p-
hydroxy-5a-androstan-3-one (5a-DHT). Some males were also treated with
testosterone for 3 days. Experiments were carried out the day following the last
day of administration and after removal of the canulae. Following experiments,
each brain was removed, frozen at —80°C and sliced using a microtome to confirm

the position of the canulae and of the recording site.

Electrophysiological Experiments

All rats were anesthetized by an intraperitoneal injection of chloral hydrate
(400 mg/kg). Additional doses of 100 mg/kg were administered when needed.
Rats were immobilized in a stereotaxic apparatus and their body temperature was
maintained at approximately 37°C throughout the experiment by a thermistor-

controlled heating pad.

Extracellular unitary recording of serotonergic neurons were obtained with
single-barelled glass micropipettes pulled in a conventional manner, filled with a
1M NaCl solution and of final impedance ranging between 2 and 6 MQ. A 4 mm-
diameter hole was drilled in the skull of each rat at the appropriate location (about
1 mm anterior of lambda and centered with respect to the midline). The unitary
activity of DRN 5-HT neurons was recorded by lowering the micropipette along
descents covering the nucleus from 300 pum to about 1500 pum anterior of lambda.
Spontaneously active DRN 5-HT neurons were identified according to the criteria

of Aghajanian: a slow and regular rythmical firing rate and a shape of action
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potential with a large initial positive spike of 1-2 msec duration and a postspike

hyperpolarization (Aghajanian et al. 1978; Aghajanian & Vandermaelen 1982).

For each group of rats, the basal firing rate of 5-HT neurons was
calculated by averaging the firing rate of each neuron measured. This was
achieved by recording, for at least 60 seconds, each 5-HT neuron encountered in

complete descents in the DRN of at least 5 rats.

Statistics

Statistical analyses were performed with the software SigmaStat for
Windows Version 2.0 (Jandel Corporation). Average values are given as the mean
+ SEM One-way ANOVA, with alpha = 0.05, followed by a post-hoc analysis
using Tukey’s method of comparison versus control was used for evaluating
statistical significance. Results (F) of statistical analysis are expressed in terms of
degrees of freedom between groups compared and number of groups compared.

Significance was considered for P<0.05.

Drugs

The steroids used were: progesterone, 5B-pregnane-3,20-dione, S5o-
pregnan-3a.-01,20-one, 17B-estradiol, testosterone, 17B-hydroxy-5a-androstan-3-
one (purchased from Steraloids, New Port, RI, USA) and dehydroepiandrosterone

(purchased from Sigma Aldrich, Oakville, Ontario, Canada).
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RESULTS

In male rats, seven-day treatments with P, 5B-DHP, 5a3a-THP and
DHEA did not induce any statistically significant change in the firing activity of
5-HT neurons as compared to controls (1.56 + 0.14 Hz, n = 54, F(1,2) = 1.49, n.s.;
1.32 £ 0.08 Hz, n =112, F(1,2) = 0.01, n.s.; 1.37 £ 0.10 Hz, n = 71, F(1,2) = 0.04,
n.s.; 1.51 £ 0.09 Hz, n = 69, F(1,2) = 1.47, n.s. and 1.34 £ 0.11 Hz, n =51,

respectively, Fig. 1).

The effect of testosterone was also investigated. First, males were
castrated (CX) to assess if lowering testosterone levels would lead to a reduction
in 5-HT neuronal firing rate. However, this surgery did not induce the expected

reduction (1.63 = 0.16 Hz, n=46 vs 1.37 + 0.09, n = 62, F(1,2) = 2.27, n.s., Fig. 2).

Treatment of males with testosterone led to an increase in their 5-HT
neuronal firing rate (Fig. 3). A 3-day administration elevated the firing activity by
more than 50% (2.23 £ 0.22 Hz, n = 105 compared to 1.41 £ 0.11 Hz, n = 53,
F(1,2) = 6.39, P<0.05, Fig. 3A). The 7-day treatment also led to a similar
statistically significant enhancement as compared to the respective controls (1.96
+0.14 Hz,n=121vs 1.36 £ 0.11 Hz, n = 57; F(1,2) = 10.96, P<0.001, Fig. 3B).
Testosterone was also administered to females for 7 days and increased the firing
activity of their 5-HT neurons by 28% as compared to the controls’ (1.53 £ 0.12

Hz, n =71 vs 1.20 £ 0.10 Hz, n = 45; F(1,2) = 3.96, P<0.05, Fig. 4).
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Interestingly, in males, but not in females, it seems that the T-induced
enhancement of the mean firing rate was due to the dramatic response of only a
few 5-HT neurons relatively to the whole neuronal population (Fig. 5). Indeed,
the distribution of the firing rate of individual neurons shows that a small number
of neurons are responsive to testosterone and acquire a very fast firing rate (Fig.
5). It is not excluded that the same phenomenon is also present in females.
However, if it is the case, it is less spectacular since no recorded neurons had a

firing frequency comparable to that observed in males.

In order to investigate if the effect of testosterone was mediated through
its conversion into estrogen (see Fig. 8), females and males received a 7-day
treatment with 17B-E, which induced, in both cases, an enhancement of the 5-HT
neuronal firing activity (Fig. 6A, B). One-way ANOVAs indicated that this
increase was statistically significant for both females (1.68 + 0.14 Hz, n = 67 vs
0.99 + 0.09 Hz, n = 68; F(1,2) = 19.13, P<0.001, Fig. 6A) and males (1.57 + 0.11
Hz,n=71vs 1.22 +0.10 Hz, n = 51; F(1,2) = 5.07, P<0.05, Fig. 6B) as compared

to their respective controls.

Males were also treated with 5a-DHT, which is another metabolite of
testosterone. Unlike testosterone and 17B-E, 5a-DHT did not significantly
modify the firing activity of males’ 5-HT neurons (1.58 + 0.15 Hz, n = 68 as

compared to 1.39 = 0.14 Hz, n = 45 in controls, F(1,2) = 0.80, n.s., Fig. 7).
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DISCUSSION

The goal of this study was to assess potential gender differences in the
modulation of the firing activity of 5-HT neurons by neuroactive steroids. Both
similarities and differences were observed between males’ and females’ 5-HT
neurons regarding their response to sustained steroid administrations.
Testosterone and 17B-estradiol (17B-E) increased the firing activity of DRN 5-HT
neurons of both males and females (Figs. 3, 4 and 6). Moreover, in males,
similarly to what was previously found in females (Klink et al. 2002; Robichaud
& Debonnel 2004), neither progesterone nor gonadectomy significantly modified
the firing rate of 5-HT neurons (Figs. 1 and 2). However, unlike what was
observed in females (Robichaud & Debonnel 2004), 58-DHP, 5a,3a-THP and

DHEA, did not significantly change the firing activity of 5-HT neurons in males

(Fig. 1).

Testosterone

Some of these ovarian steroids, which were ineffective on the 5-HT
neuronal firing activity in males, have potent effects on those of female rats
(Robichaud & Debonnel 2004). It was, therefore, plausible that male 5-HT
neurons might be more responsive to other neuroactive steroids, such as
androgens. This is why the effect of testosterone on the firing activity of 5-HT

neurons was investigated.
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First, males were castrated to see if a decrease of endogenous testosterone
would decrease the firing rate of their 5-HT neurons. The rationale behind this
expectation was the faster firing rate observed in males as compared to females
(Klink et al. 2002), which might have been due to the higher levels of
testosterone. However, no such reduction in firing activity was observed
following castration (Fig. 2). Similarly to what was observed with females (Klink
et al. 2002), removal of the gonads did not significantly affect the firing rate of 5-
HT neurons (Fig. 2). However, this is not completely surprising since the brain is
known to produce neuroactive steroids and, thus, the reduction of steroid levels in
the brain is less drastic than in the plasma (Aghajanian 1985; Guennoun et al.
1995). On the other hand, males were castrated once they were adults. Had they
been castrated earlier, an effect might have been observed, as castration at the 3™
week of life has been shown to increase the 5-HT;» mRNA levels in different
brain regions, including the DRN (Zhang et al. 1999). In turn, this would reduce
the firing activity of 5-HT neurons if indeed translated in greater expression of 5-

HT, 4 receptors on the soma.

In both males and females, 7 days of testosterone administration increased
the firing activity of 5-HT neurons (Fig. 3 and 4). In males, this increase could
already be seen afier a 3-day treatment (Fig. 3). What is of particular interest is
the fact that in males, apparently only a subpopulation of neurons seemed
sensitive to testosterone (Fig. 5). The DRN is formed of heterologous neuronal
populations and there is data showing that neurons, which are normally presumed

to be 5-HT based on their firing characteristics may actually not be (Kirby et al.
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2003). It is thus possible that the hyper-responsive neurons recorded in the
current experiments be of another nature than 5-HT. However, other studies have
shown subpopulations of DRN 5-HT neurons responding differently to a given
pharmacological administration (Martin-Ruiz & Ugedo 2001; Lucas & Debonnel
2002) or to an electrical stimulation of the medial prefrontal cortex (mPFC)
(Celada et al. 2001). In all these cases, it was suggested that postsynaptic regions
were implicated, as part of a longer feedback loop (Martin-Ruiz & Ugedo 2001;
Celada et al. 2001; Lucas & Debonnel 2002). The location of the receptor
mediating the effect might contribute to this phenomenon (Martin-Ruiz & Ugedo
2001; Lucas & Debonnel 2002). Furthermore, direct synaptic contact on 5-HT
cells by neurons projecting back to the DRN or, on the other hand, involvement of
interneurons, might also give rise to differential responses (Celada et al. 2001). In
the present study, not only is it unclear whether the observed effect is mediated by
androgen receptors or by a nongenomic mechanism, the location of the effector
receptor is also unknown since steroids were administered in the cerebrospinal
fluid. It is thus possible that the T-induced increase in firing activity could be
mediated via afferents to 5-HT neurons. Moreover, the neurons, which were
responsive to T, presented a very high firing frequency (Fig. 5). Although this
was surprising, it has recently been reported that some DRN neurons, which were
immunolabelled as 5-HT neurons, had a firing frequency of up to almost 8 Hz in
basal conditions (Allers & Sharp 2003). In females, the increase in 5-HT
neuronal firing activity following the administration of testosterone was less

dramatic but more generalized (Fig. 5). Therefore, even though the mean firing
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rate was increased in both genders, a sex difference was nevertheless observed in

the response of DRN neurons to testosterone.

In the brain, testosterone is mainly metabolized into 178-E and 5a-DHT
(Stoffel-Wagner 2001). In order to investigate if the T-induced enhancement of
the firing activity could also be mediated by either one of these two metabolites,
males were treated with 17B-E and 50-DHT (Figs. 7B and 8). 17B-E but not 5a-
DHT increased the firing activity of 5-HT neurons, thus suggesting a role for
aromatization of testosterone into 17B-E rather than an androgenic effect. The
lack of effect of 5a-DHT is in keeping with the report of McQueen et al. (1999),
who investigated the effects of castration and hormonal (T, estrogen and Soa-
DHT) replacements on the expression of the serotonin transporter (SERT) in
different brain regions of male rats. They showed, for instance, an increase in
SERT mRNA levels following testosterone or estrogen but not Sa-DHT
administrations. If this increase in SERT mRNA expression leads to a greater
SERT protein density, it would result in less 5-HT being present in the vicinity of
the soma of 5-HT neurons. This would reduce the activation of the 5-HT 1A
autoreceptor and lead to an increase in the neuronal firing activity. Such an effect
might therefore represent one of the mechanisms of action through which 17B-E
and testosterone increase the firing activity of 5-HT neurons. These results also
support the hypothesis that the effect of testosterone might be, at least in part,

mediated by its aromatization into estrogen. However, since both estrogen and
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androgen receptors are expressed by DRN neurons (Simerly et al. 1990), a direct

effect of testosterone is also possible.

Estrogen

The effect of estrogen on the 5-HT system has been extensively studied.
For instance, E has been shown to alter the gene expression and binding sites for
SERT in the DRN and other brain regions of ovariectomized (OVX) monkeys and
rats (Mendelson et al. 1993; McQueen et al. 1997; Pecins-Thompson et al. 1998;
McQueen et al. 1999; Sumner et al. 2000; Zhou et al. 2002; Bethea et al. 2002).
Of particular interest is the effect of E on the 5-HT;s autoreceptor, which is
responsible for regulating the firing activity of 5-HT neurons. Bethea and
colleagues have shown that E decreases S5-HT;n receptor mRNA (Pecins-
Thompson & Bethea 1999), 5-HT;, binding sites as well as the G protein
activation in the DRN of OVX macaques (Lu & Bethea 2002), indicating a
functional downregulation of the autoreceptor. In rats, however, data are not as
consistent. For instance, a 2-week treatment with E led to a trend towards a
decrease in 5-HT) 5 receptor mRNA levels in the midbrain (Zhou et al. 2002) but
had no effect on 5-HT;4, mRNA levels or binding sites in the DRN of OVX rats
(Landry & Di Paolo 2003). A 3-week treatment with high levels of E and P,
however, caused a significant reduction in DRN 5-HT;, autoreceptor mRNA
levels (Birzniece et al. 2001). Most interestingly, however, 2 days of E
administration led to a reduced 5-HT;5 autoreceptor response in a paradigm
identical to ours (Lakoski 1989), which could easily explain the higher firing

activity of 5-HT neurons.
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Other systems and receptors might also be implicated. For instance, E was
found to reduce GABAA, receptor binding sites in various brain regions of OVX
females (O'Connor et al. 1988) and to have a region-dependent effect on
glutamate receptors in females (Cyr et al. 2000). It is thus possible that 17p-
estradiol decreases the GABAergic tonic inhibition and increases the
glutamatergic input on 5-HT neurons, thus enhancing the firing activity of 5-HT
neurons. Indeed such a reduced GABAergic tonic inhibition leading to faster 5-
HT neuronal firing has already been shown during pregnancy (Robichaud et al.

2002).

Ovarian Steroids

Since 503a-THP is a potent GABA, receptor modulator, we have
previously proposed that 503c-THP modulated the firing activity of 5-HT
neurons via GABA, receptors (Robichaud & Debonnel 2004). It is thus
surprising that 503c-THP had no effect on the firing activity of male 5-HT
neurons. Gender differences in the functional responses of GABA, receptors
have, however, been reported (Jiiptner & Hiemke 1990; Wilson & Biscardi 1992;
Wilson 1992; Bujas et al. 1997) and might explain this unexpected result. For
instance, we have shown earlier that male 5-HT neurons were more sensitive than
female ones to the GABA, antagonist bicuculline as seen by their greater
excitatory response following its administration (Robichaud et al 2002).

Interestingly, it has also been shown that, even though the basal levels of GABA-
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activated chloride influx were not different between genders in the amygdala and
the hypothalamus, the potentiation by high doses of THDOC (a steroid with
similar GABA4 positive modulatory properties to Sa3a-THP) was greater in
males than females (Wilson & Biscardi 1997). This indicates gender- and region-
specific differences in the response of GABA, receptors to neuroactive steroids,
which might explain the present observations. The subunit composition of
GABA, receptor varies between brain regions and influences greatly the
functional response of the receptor (see review 543). It is thus possible that a
difference in GABA4 receptor subunit assembly exists between sexes and leads to
a greater sensitivity of females’ 5-HT neurons to 5a3a-THP modulation as

compared to that of males.

In conclusion, the main results of this study are the increase in 5-HT
neuronal firing activity induced by testosterone and 17B-estradiol in both male
and female rats. Taken together with previous findings, these data indicate not
only similarities but also sex differences in the modulation of 5-HT neurons by
some steroids, which could prove important in the understanding of gender

differences in mood disorders.
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FIGURE LEGENDS

Figure 1: (A) Integrated firing rate histograms of 5-HT neurons, showing their
spontaneous firing activity, recorded in one electrode descent in the DRN of a
male control (3% ethanol, i.c.v., 7 days) and following a treatment with P, 5c,30c-
THP and DHEA (50pg/kg/day, i.c.v., 7 days, each). (B) Spontancous firing rate
of male DRN 5-HT neurons expressed in Hz (mean + SEM) in controls and
following 7-day treatments with P, 58-DHP, 5a,30-THP and DHEA. In this and

the following figures, the number of neurons recorded is indicated in each box.

331



Figure 1
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. Figure 2: Spontaneous firing rate of DRN 5-HT neurons expressed in Hz (mean +

SEM) in controls and castrated males (CX).

333



62

0
0

<
QN

1

Figure 2

IN'T’S F uesw ‘zH) ayey bBuui4

CX

Control



Figure 3: Spontaneous firing rate of male DRN 5-HT neurons expressed in Hz
(mean + SEM) following A) a 3-day treatment with testosterone (50 pg/kg/day,
i.c.v.) and B) a 7-day treatment with testosterone (50 pg/kg/day, i.c.v.), and their

respective controls (3% ethanol, i.c.v., for 3 or 7 days). The star indicates P <

0.05.
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Figure 4: Spontaneous firing rate of female DRN 5-HT neurons expressed in Hz

(mean = SEM) in controls (3% ethanol, i.c.v., 7days) and following a treatment

with testosterone (50 pg/kg/day, i.c.v., 7 days). The star indicates P < 0.05.
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Figure 5: Distribution of the spontaneous firing rate of DRN 5-HT neurons
expressed in Hz, in males treated with testosterone for 3 or 7 days (50 pg/kg/day,
1.c.v.), their respective controls (3% ethanol, i.c.v., for 3 or 7 days) and in female
controls (3% ethanol, i.c.v., 7days) and following a 7-day treatment with

testosterone (50 pg/kg/day, i.c.v.).
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Figure 5
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Figure 6: Spontaneous firing rate of DRN 5-HT neurons expressed in Hz (mean +
SEM) in A) females and B) males following a treatment with 17f-estradiol (50
pg/kg/day, i.c.v., 7 days) and their respective controls (3% ethanol, i.c.v., 7days).

The single star indicates P < 0.05 and the double stars, P < 0.001.
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Figure 6
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Figure 7: Spontaneous firing rate of male DRN 5-HT neurons expressed in Hz

(mean = SEM) in controls (3% ethanol, i.c.v., 7days) and following a treatment

with 5a-DHT (50 pg/kg/day, i.c.v., 7 days).
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Figure 7
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Figure 8: Partial schematic representation of the sex steroids’ metabolic pathway.
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Figure 8
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Foreword to Chapter 6

Allopregnanolone and ganaxolone increase the firing activity of dorsal raphe

nucleus serotonergic neurons in female rats

Amongst the neuroactive steroids tested in female rats, the most potent one
in modulating the firing activity of 5-HT neurons was found to be 3a-hydroxy-
Sa-pregnane-20-one (3a,50-THP, allopregnanolone).  Interestingly, there is
accumulating evidence suggesting antidepressant properties for this steroid (see
introduction). The 3a,50-THP-induced enhancement of the 5-HT neuronal
activity could offer a biological basis for its antidepressant effects. This study
was undertaken to assess the potential of this steroid in antidepressant treatments.
First, the time frame of this modulation was better characterized. Second, the
effects of ganaxolone, a synthetic analog of 3a,50-THP devoid of hormonal
properties, were similarly assessed. Since many women are reluctant to hormonal
therapy, ganaxolone might be an interesting substitute. Finally, the potential for
these two steroids to reduce the antidepressants’ delay in therapeutic onset of

action was investigated.
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ABSTRACT

Accumulating evidence suggest a reciprocal interaction between
neurosteroids, especially 5a-pregnan-3a-ol,20-one (3a,50-THP,
allopregnanolone), and the serotonergic (5-HT) system. Furthermore, both 5-HT
and neurosteroids seem to play an important role in the pathophysiology of major
depression. We have previously shown that a 7-day treatment with 3a,5a-THP
drastically increases the spontaneous firing activity of dorsal raphe nucleus
(DRN) 5-HT neurons in female rats. This study was thus undertaken to better
characterize this modulation and to assess the effects of ganaxolone, a synthetic
analog of 3o,5a-THP. Female rats received 3o, 5a-THP or ganaxolone for 3 and
7 days (50 pg/kg/day, i.c.v.). Others received 3a,50-THP concomitantly with the
antiprogestin RU486 (50 pg/kg/day, ic.v., 7 days, each), which was also
administered alone. Acute experiments were done by means of a single injection
of 3a,5a-THP (1 pg/kg, i.c.v). Finally, both 3a,50-THP and ganaxolone were
administered along with the selective serotonin reuptake inhibitor (SSRI)
citalopram. In vivo extracellular unitary recordings of 5-HT neurons from the
DRN, revealed that 3a,5a-THP and ganaxolone increased their firing activity
after 3 and 7 days of treatment. A 7-day treatment with RU486 had the same
effect. Furthermore, an increase could be seen as soon as after 30-60 minutes
following a single injection with 3a,50-THP. Interestingly, both 3at,5a-THP and
ganaxolone prevented the citalopram-induced reduction in firing activity after 3-

day treatments. These data demonstrate the ability of 3a,50-THP and ganaxolone
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. to positively modulate the firing activity of DRN 5-HT neurons in female rats.
Moreover, these results suggest that these neuroactive steroids might represent

interesting adjuvants in the treatment of mood disorders in female patients.
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INTRODUCTION

Women are twice as likely to suffer from major depression than men
(Angst et al. 2002; Bijl et al. 2002; Blazer et al. 2001; Breslau et al. 1995; Kessler
et al. 1993; Kessler et al. 1994; Kessler & Walters 1998; Maes et al. 1986; Regier
et al. 1988; Robins et al. 1984). Furthermore, onset or exacerbation of depressive
episodes are more frequent during periods of hormonal fluctuations such as
puberty (Hamilton 1993; Parry 1989), menstrual cycles (Endicott 1993; Endicott
& Halbreich 1988; Hamilton 1993; Parry 1989; Weissman & Klerman 1985;
Yonkers & White 1992), the postpartum period (Hamilton 1993; Kornstein 1997;
Parry 1989; Weissman & Klerman 1985) and menopause (Burt & Stein 2002;
Kornstein 1997; Weissman & Klerman 1985). Ovarian hormones have thus been
hypothesized to play an important role in women mood disorders (Endicott 1993;
Eriksson 1999; Joffe & Cohen 1998; Pajer 1995; Parry 1989). Serotonin (5-HT)
has also long been implicated in the pathophysiology of depression (Coppen
1967; Lapin & Oxenkrug 1969). The most compelling evidence probably is the
enhancement of 5-HT neurotransmission seen following all antidepressant

treatments (Blier & de Montigny 1999; Racagni & Brunello 1999).

Interestingly, ovarian steroids have clearly been shown to modulate the
expression of different proteins of the 5-HT system, including 5-HT receptors (see
review by Bethea ef al., 1999). Moreover, plasma and cerebrospinal fluid (CSF)
levels of neuroactive steroids seem altered during depressive episodes and

regularized by antidepressant treatments (Romeo et al. 1998; Strohle et al. 1999;



Strohle et al. 2000; Uzunova et al. 1998). This could suggest, in addition to their
respective implication in depression, a functional interrelationship between

ovarian steroids and the 5-HT system.

More specifically, accumulating evidence suggest a link between lowered
levels of So-pregnane-3a-01,20-one (3a,50-THP, allopregnanolone) and
depressive states. Indeed, depressed patients have lower CSF and plasma levels
of 3a,50-THP (Romeo et al. 1998; Strohle et al. 1999; Uzunova et al. 1998) than
healthy subjects (Stréhle et al. 1999; Uzunova et al. 1998). Furthermore, in
addition to being regularized by successful antidepressant treatments (Romeo et
al. 1998; Stréhle et al. 1999; Uzunova et al. 1998), the mood improvement was

correlated with the increase of 3a,5a-THP levels in the CSF (Uzunova et al.

1998).

Studies in rodents also support these observations. In a model of
depression, long-term social isolation decreased cerebral levels of 3a,5¢-THP in
mice (Dong et al. 2001) and rats (Serra et al. 2000). In rats, bilateral olfactory
bulbectomy (OBX), a well recognized model of depression, also results in an
important reduction of 30,5a-THP levels in specific cerebral regions, which are
relevant to depression such as the amygdala, the frontal cortex and the
hippocampus (Uzunova et al. 2003). Chronic treatments (3 weeks) with various
antidepressants (desipramine, fluoxetine, sertraline and venlafaxine) completely

reversed this reduction in the cerebral cortex of OBX rats (Uzunova et al. 2004).
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Furthermore, fluoxetine and venlafaxine also increased 3a,50-THP levels in the
cerebral cortex of sham-operated rats (Uzunova et al. 2004). This had previously
been shown with the selective serotonin reuptake inhibitors (SSRIs) fluoxetine or
paroxetine, which rapidly increased the rat cerebral content of 3a,50-THP
(Uzunov et al. 1996). 3a,50-THP was also reported to have antidepressant-like
effects in the Porsolt forced swimming test (Khisti et al. 2000; Khisti & Chopde
2000). Conversely, inhibition of its formation, using finasteride (a selective
inhibitor of 5a-reductase (Azzolina et al. 1997), which is the enzyme
metabolizing progesterone into 5a-pregnane-3,20-dione), leads to depressive-like
symptoms in the same paradigm as well as to anxious behavior in the open field

task (Frye & Walf 2002).

We have previously shown, using in vivo electrophysiological
extracellular recordings, that a 7-day treatment with 3a,50-THP drastically
increased the spontaneous firing activity of DRN 5-HT neurons in female rats,
thus offering a biological basis for the putative antidepressant properties of
3a,50-THP. The present study was undertaken to better characterize this
modulation in terms of time frame and mechanism of action. Similarly, the
effects of ganaxolone, the 3B-methylated synthetic analog of 3c,5a-THP
(Monaghan et al. 1997), were also assessed. Finally, potential therapeutic

avenues were also investigated for these two steroids.
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METHODS

Animals

Freely cycling female Sprague Dawley rats (Charles-River, St-Constant,
Québec, Canada), weighing between 250g and 325g and kept under standard
laboratory conditions (12:12 light-dark cycle with access to food and water ad
libitum), were used for the experiments. Ethical committee approval was obtained
from the McGill University Animal Ethical Care Committee and all their rules

and regulations were followed.

Treatments with steroids

All steroids were dissolved in 3% (v/v) ethanol/distilled water and
administered intracerebroventricularly (i.c.v.) by mean of a canulae (ALZA, Palo
Alto, CA, USA), which was implanted in the left lateral ventricle of the rat brain.
For acute administrations, the canulae was attached to a 5 pl Hamilton syringe,
while for chronic treatments it was connected to a subcutaneous osmotic
minipump (ALZA, Palo Alto, CA, USA), which continuously delivered the
steroids. Surgeries were performed as described by the manufacturer (ALZA,
Palo Alto, CA, USA) and under chloral hydrate anesthesia. Steroid doses used

during acute and chronic administrations were 1 ug/kg and 50pg/kg/day,

respectively.
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Females received an acute injection, a 3- or a 7-day treatment with Sa-
pregnane-3a-0l,20-one (3a,5a-THP, allopregnanolone). This steroid was also
administered concomitantly with the progesterone receptor antagonist RU486 for
7 days. Some females received only RU486 for 7 days. Ganaxolone was
administered for 3 or 7 days. Controls were treated with the vehicle (3% ethanol)
for the appropriate period of time. Finally, 3a,50-THP, ganaxolone and the
vehicle were co-administered with citalopram (a selective serotonin reuptake
inhibitor or SSRI, 10mg/kg/day) for 3 days. Citalopram was dissolved in distilled
water and administered by mean of a subcutaneous osmotic minipump (ALZA,

Palo Alto, CA, USA).

Electrophysiological Experiments

All rats were anesthetized by an intraperitoneal injection of chloral hydrate
(400 mg/kg). Additional doses of 100 mg/kg were administered when needed.
Rats were immobilized in a stereotaxic apparatus and their body temperature was

maintained at approximately 37°C throughout the experiment by a thermistor-

controlled heating pad.

Extracellular unitary recording of serotonergic neurons were obtained with
single-barelled glass micropipettes pulled in a conventional manner, filled with a
1M NaCl solution and of final impedance ranging between 2 and 6 MQ. A 4 mm-
diameter hole was drilled in the skull of the rat about 1 mm anterior of lambda

and centered with respect to the midline. The unitary activity of DRN 5-HT
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neurons was recorded by lowering the micropipette along descents covering the
nucleus from 300 um to about 1500 um anterior of lambda. Spontaneously active
DRN 5-HT neurons were identified according to the criteria of Aghajanian: a
slow and regular rythmical firing rate and a shape of action potential with a large
initial positive spike of 1-2 msec duration and a postspike hyperpolarization

(Aghajanian et al. 1978; Aghajanian & Vandermaelen 1982).

For each experimental group, the basal firing rate of 5-HT neurons was
calculated by averaging the firing rate of each neuron measured. This was
achieved by recording, for at least 60 seconds, each 5-HT neuron encountered in
complete descents in the DRN of at least 5 rats. Regarding acute experiments,

however, at least 10 rats were used for each experimental group.

Statistics

Statistical analyses were performed with the software SigmaStat for
Windows Version 2.0 (Jandel Corporation). Average values are expressed as
mean + S.E.M. One-way ANOVA, with alpha = 0.05, followed by a post-hoc
analysis using Tukey’s method of comparison versus control were used for
evaluating statistical significance. Results (F) of statistical analysis are expressed
in terms of degrees of freedom between groups and number of groups compared.

Significance was considered for P<0.05.
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Drugs

Steroids used were: So-pregnane-3a-o0l,20-one, RU486 (purchased from
Steraloids) and 3a-hydroxy-3p-methyl-5a-pregnan-20-one (Ganaxolohe, a
generous gift from Dr. Purdy, Department of Psychiatry, University of California,
San Diego, CA, USA). Citalopram was kindly provided by Lundbeck

(Copenhagen, Denmark).
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RESULTS

As previously shown (Robichaud & Debonnel 2004), a 7-day treatment
with 3a,5a-THP increased the firing activity of 5-HT neurons in female rats (1.88
+ 0.19 Hz, n = 77 compared to 1.26 = 0.09 Hz, n = 63, [F(2,3) = 4.40, P<0.05,
Tukey’s test, q = 3.4, P<0.05], Fig. 1B). In order to rule out the implication of
progesterone receptor (PR) in mediating this effect, some rats were concomitantly
treated with the PR antagonist RU486. As expected, an elevated firing activity
was still present after this combined treatment as compared to controls (2.04 +
0.26 Hz, n = 56 compared to 1.26 = 0.09 Hz, n = 63, [F(2,3) = 4.40, P<0.05,
Tukey’s test, q = 3.9, P<0.05], Fig. 1B). However, RU486 had an unexpected
effect on its own and enhanced the firing activity of 5-HT neurons (1.75 £+ 0.18
Hz, n = 79 compared to 1.16 + 0.09 Hz, n = 64, [F(1,2) = 7.85, P<0.01, Tukey’s

test, q = 4.0, P<0.05], Fig. 2).

This 3a,50-THP-induced elevation in 5-HT neuronal firing rate could also
be observed following only 3 days of administration (1.92 + 0.23 Hz, n = 51 vs
0.98 + 0.07 Hz, n = 58, [F(1,2) = 16.59, P<0.001, Tukey’s test, q = 5.8, P<0.05],
Fig. 3). Furthermore, acute experiments showed an increase in firing activity as
soon as 30 to 60 minutes following a single injection of 3o,5a-THP (1 pg/k,
i.c.v., Fig. 4). Before, and up to 30 minutes following the injection, no difference
in 5-HT neuronal firing rate was observed between treated rats and controls (1.35
+ 0.13 Hz,n =42 vs 1.23 £ 0.13 Hz, n = 25, [F(1,2) = 0.38, n.s.] and 1.49 + 0.12

Hz, n = 64 vs 1.20 £ 0.11 Hz, n = 50, [F(1,2) = 3.21, n.s.], respectively, Fig. 4).
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However, in the following timeframes (i.e. 30 to 59 and 60 to 90 minutes post-
injection), this difference became statistically significant (1.80 = 0.13 Hz, n = 79
vs 1.24 £ 0.10 Hz, n = 66, [F(1,2) = 11.49, P<0.001, Tukey’s test, q = 4.8,
P<0.05] and 1.75 = 0.11 Hz, n = 77 vs 1.28 + 0.11 Hz, n = 54, [F(1,2) = 8.26,

P<0.005, Tukey’s test, q = 4.1, P<0.05], respectively, Fig. 4).

It is well established that short-term administration of SSRIs decreases the
firing activity of 5-HT neurons in male rats (Chaput et al. 1986; Romero et al.
1996). This was also true in the current experiments with females, as a 3-day
administration of citalopram reduced the firing activity of 5-HT neurons (0.58 +
0.06 Hz, n = 54 compared to 1.17 + 0.10 Hz, n = 51, [F(2,3) = 13.25, P<0.001,
Tukey’s test, q = 6.3, P<0.05], Fig. 5). It was thus hypothesized that 3a,5a-THP
might prevent this initial reduction in firing activity. Indeed, the 5-HT neuronal
firing rate of rats co-treated with 3a,5a-THP and citalopram did not really differ
from that of controls (1.16 £ 0.12 Hz, n = 50 compared to 1.17 + 0.10 Hz, n = 51,

[F(2,3) = 13.25, P<0.001, Tukey’s test, g = 0.13, n.s.], Fig. 5).

The effect of ganaxolone was then investigated. Both a 3- and a 7-day
administration of ganaxolone increased the firing activity of 5-HT neurons as
compared to the appropriate controls; 1.55+ 0.11 Hz,n =72 vs 1.15 £ 0.09 Hz, n
=52, [F(2,3) = 6.99, P<0.01, Tukey’s test, q = 3.7, P<0.05] and 1.52 £ 0.11 Hz, n
=56 vs 1.12 £ 0.09 Hz, n = 43, [F(1,2) = 7.54, P<0.01, Tukey’s test, q = 3.9,

P<0.05], respectively (Fig. 6). Ganaxolone was also able to partially prevent the
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citalopram-induced decrease in firing activity of 5-HT neurons; the firing rate was
significantly lower in citalopram-treated rats as compared to controls (0.51 £ 0.06
Hz, n = 48 vs 1.08 = 0.09 Hz, n = 51, [F(2,3) = 8.86, P<0.001, Tukey’s test, g =
5.7, P<0.05]) but this difference no longer reached statistical significance when
ganaxolone was co-administered (0.94 &+ 0.12 Hz, n =57 vs 1.08 £ 0.09 Hz, n =

51 [F(2,3) = 8.86, P<0.001, Tukey’s test, q = 1.5, n.s.], Fig. 7).
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DISCUSSION

The first finding of this study is the enhanced firing activity of 5-HT
neurons following a treatment with either 3a,,5a-THP or ganaxolone. A greater
firing activity of 5-HT neurons, which was previously shown in female rats after 7
days of 3o,50-THP administration, was confirmed by the present experiments.
Furthermore, this increase was already present after 3 days of treatment and as
soon as 30-60 minutes following an acute administration. This suggests a very
rapid onset of action of 30,,50-THP, which appears to be sustained during at least
7 days of treatment. Similarly, both a 3- and a 7-day administration of the

synthetic analog ganaxolone also enhanced the firing activity of 5-HT neurons.

The mechanism(s) by which 3a,50-THP and ganaxolone increase the 5-
HT neuronal firing activity remains unclear. Nevertheless, the fact that 3a,50.-
THP induced a very rapid (within a few minutes) enhancement of the firing
activity of 5-HT neurons suggests that a genomic mechanism of action, such as
mediated via PR, is less likely. We have previously shown that during pregnancy
the spontaneous firing rate of 5-HT neurons increases in parallel with plasmatic P
levels, to finally reach an enhancement greater than a 100% in late pregnancy as
compared to control females (Klink ez al. 2002). In rats, the principal metabolic
pathway for cerebral P seems to be its sequential reduction into Sa-DHP and
30,50-THP (Karavolas & Hodges 1991; Kormneyev et al. 1993). Furthermore,
3a,50-THP has often been shown to be responsible for various effects observed

with P on neuronal activity (Costa et al. 1995; Gulinello et al. 2001; Smith et al.
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1998a; Smith et al. 1998b). It is therefore possible that 3o,5a-THP mediates the
modulation of 5-HT neuronal activity observed during pregnancy (Klink et al.
2002). This is also supported by the lack of effect of P itself on this firing activity
(Robichaud & Debonnel 2004). During pregnancy, we showed that 5-HTia
autoreceptors were partially desensitized (Robichaud et al. 2002). If this
desensitization was brought about by 3a,50-THP, which levels rise dramatically
during pregnancy, intracerebral administration of this steroid would also be
expected to reduce the function of 5-HT;4 autoreceptors. This could explain, at
least in part, the enhanced 5-HT neuronal firing activity reported by the present

study.

The modulation of 5-HT neuronal activity by these neuroactive steroids
could also result from their interaction with GABA,4 receptors since both of them
are potent positive allosteric modulators (Carter et al. 1997). In rats, DRN 5-HT
neurons are under a tonic GABAergic inhibition, which is mostly mediated by
GABA, receptors (Gervasoni et al. 2000; Innis & Aghajanian 1987).
Interestingly, the GABAergic tonic inhibition of 5-HT neurons was dramatically
reduced during pregnancy as compared to virgin females (Robichaud et al. 2002).
Again, if 3a,50-THP was responsible for the reduced GABAergic toﬁic inhibition
of the 5-HT neurons, it would probably occur in the present protocol.
Furthermore, it is plausible that ganaxolone, having a very similar
pharmacological profile at GABA, receptors, might have a comparable effect. In

addition, it could explain the increase in firing activity of 5-HT neurons induced
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by ganaxolone. Accumulating evidence suggests that high levels of neuroactive
steroids reduce GABA, receptor responsiveness (Concas et al. 1998; Friedman ez
al. 1993; Gulinello et al. 2001; Yu ez al. 1996; Yu & Ticku 1995a; Yu & Ticku
1995b)(Yu & Ticku 1995a). This could thus be a mechanism of action whereby
3a,50-THP and ganaxolone could reduce GABA4 receptor function and the tonic
GABAergic inhibition on 5-HT neurons, and thus enhance the firing rate of these

neuroms.

One of the objectives of this study was to rule out the implication of PR in
the effects observed with 3a,5a-THP. Therefore, the PR antagonist RU486 was
used. Not only was it not able to prevent the increase in 5-HT neuronal firing
activity induced by 3o, 50-THP but RU486 also enhanced it by itself. Although
puzzling, these results are interesting. RU486 is not selective to PR and can also
bind glucocorticoid receptors (GR) (Nordeen et al. 1995). Antagonistic effects on
GR are unlikely to underlie this increase in 5-HT neuronal firing activity for two
reasons. First, corticosterone was shown to impede the function of 5-HTia
autoreceptors via GR (Fairchild er al. 2003; Laaris et al. 1995; Laaris et al. 1999)
and second, the GR antagonist RU38486 alone had no effect on the function of 5-
HT,, autoreceptors (Laaris et al. 1995). However, there is evidence of RU486
acting as a full agonist at PR and GR in certain conditions such as stimulation of
the cAMP cascade (Beck et al. 1993), activation of protein kinase A (Nordeen et
al. 1995), or when more coactivators than corepressors are present in the cell (Liu

et al. 2002). Agonistic properties of RU486 at PR are not likely to lead to an
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increase in 5-HT neuronal firing activity since P itself was ineffective in this
regard. On the other hand, since activation of GR reduced the 5-HTja
autoreceptor function, if the conditions for RU486 to act as an agonist at GR were
present in the present experiments in 5-HT neurons, it might explain the increase
in their firing activity. Needless to say that further experiments would be needed

to clarify the mechanism of action underlying these observations.

The third and most interesting finding of this study is the ability of both
3a,5a-THP and ganaxolone to prevent the SSRI citalopram to induce a reduction
of the firing activity of 5-HT neurons. It has been established for many years that
treatments with SSRIs cause an initial decrease in the firing activity of 5-HT
neurons (Chaput et al. 1986; Romero et al. 1996). The main mechanism of action
whereby this occurs is well characterized (see review by Blier and de Montigny,
1999). Briefly, SSRIs, by blocking reuptake, increase the amount of extracellular
5-HT, which activates somatodendritic 5-HT; o autoreceptors. This leads, initially
to an inhibition of the firing activity of 5-HT neurons and, later, to gradual
desensitisation of these receptors. Therefore, 5-HT neurons eventually recover
their initial action potential firing frequency, and the SSRI-induced increase in
synaptic 5-HT concentration can finally enhance 5-HT neurotransmission. This
desensitisation process takes about two to three weeks, which is consistent with
the delayed therapeutic onset of action of antidepressants. This underscores the
importance of developing adjuvant treatments, which could reduce this delay.

The reduction of the firing activity of 5-HT neurons following short-term
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administration of SSRIs has been repeatedly shown in male rats (Chaput ez al.
1986; Romero et al. 1996). However, to the authors’ knowledge, this is the first
report confirming that it is also true concerning females. Furthermore, the present
report indicates that a 3-day treatment with either 3o,5a-THP or ganaxolone,
concomitantly with the SSRI citalopram, can prevent this initial reduction of the
firing activity of 5-HT neurons in females. If the delay in therapeutic onset of
action of SSRIs is indeed due to the time that 5-HT neurons recover from the
initial reduction in firing activity, then preventing this reduction might be very
helpful in accelerating the beneficial effects of these antidepressants. Thus,
3a,,50-THP or ganaxolone could be good candidate as adjuvants to SSRI for the

treatment of depressed women.

Both 30,50-THP and ganaxolone are potent positive allosteric modulators
of GABA, receptors (Carter et al. 1997). Accordingly, both of them inhibit
[*>S]TBPS binding and enhance the muscimol and benzodiazepine binding to rat
brain membranes (Carter et al. 1997), and they both potentiate GABA-induced
chloride currents (Carter et al. 1997; Mascia et al. 2002). Furthermore their
efficacy and potency are similar, with ganaxolone being just a little less potent
than 3o,50-THP (Carter et al. 1997). However, an important distinction between
them is found in the fact that ganxolone is not metabolized into a hormonally
active compound (Monaghan et al. 1999). For this reason, ganaxolone was
expected to be a good candidate for treating epilepsy (Monaghan et al. 1999).

Indeed, it was found to efficiently protect against a variety of seizure types in
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rodents (Carter et al. 1997; Gasior et al. 2000; Reddy & Rogawski 2000a; Reddy
& Rogawski 2000b) and to have antiepileptic activity in humans (Laxer et al.
2000). Combined with the present results, the fact that ganaxolone has already
been used safely in humans in a therapeutic context suggests that this synthetic
steroid could possibly be useful in the treatment of depression. Furthermore, high
doses of ganaxolone (twice its EDsp) did not induce tolerance after 7 days of
administration (Reddy & Rogawski 2000a). Also, based on experiments
assessing changes in GABA, receptor subunit following withdrawal from long-
term exposure to these steroids, ganaxolone is expected to induce less withdrawal
effects than those observed after discontinuation of chronic treatment with 3a,50.-
THP or other GABA, receptor positive modulators (Mascia et al. 2002). This
lack of tolerance development and little withdrawal effects further supports

ganaxolone as a good therapeutic candidate.

There are data showing an inverse correlation between CSF and plasma
levels of 3a,50-THP and the intensity of major depression in humans (Romeo et
al. 1998; Strohle et al. 1999; Uzunova et al. 1998). Moreover, animal models
have shown that reduced cerebral levels of 3a,5a-THP are associated with
depressive-like behavior (Dong et al. 2001; Frye & Walf 2002; Uzunova et al.
2003; Uzunova et al. 2004) while administration of this steroid leads to
antidepressant-like effects (Khisti er al. 2000; Khisti & Chopde 2000).
Unfortunately, no study has yet assessed the antidepressant-like effect of

ganaxolone. However, different pieces of evidence could suggest similar
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properties as compared to 3a,5a-THP. For instance, the antidepressant-like effect
of 3a,5a-THP in the Porsolt forced swimming test could be potentiated by the
GABA, agonist muscimol and prevented by the antagonist bicuculline, indicating
that this effect is mediated, at least in part, by GABA, receptors (Khisti et al.
2000; Khisti & Chopde 2000). Ganaxolone, having similar pharmacological
characteristics at GABA, receptors as 3a,50-THP (Carter et al. 1997), may
potentially lead to similar behavioral effects. Furthermore, ganaxolone has
anticonvulsant activity (Carter et al. 1997; Reddy & Rogawski 2000a; Reddy &
Rogawski 2000b) similar to that of 3a,50-THP (Finn & Gee 1994; Kokate et al.
1994) and could be predicted from their respective in vitro pharmacological
properties at GABAA receptors (Monaghan et al. 1997). Finally, the present
experiments show that both 3o,5a-THP and ganaxolone increase the firing
activity of 5-HT neurons, and that they both can prevent the citalopram-induced
reduction of this activity. This not only offers a biological basis for the
antidepressant-like effect of 3a,5a-THP but also supports that ganaxolone might
have such beneficial properties. Furthermore, these data suggest that these
steroids could be interesting adjuvant to reduce the delay before therapeutic onset,
seen with SSRIs. Interestingly, in clinical trials, ganaxolone was shown to have
an interesting pharmacokinetic profile and to be safe and well tolerated, up to
relatively high doses, in both men and women (Monaghan et al. 1997). Since
naturally occurring neuroactive steroids are not suitable for chronic treatments
(due to their very short half-life)(Gasior et al. 2000), if ganaxolone had

antidepressant properties, it could be especially promising.

379



The present data clearly demonstrate the ability of 3a,5a-THP and
ganaxolone to positively modulate the firing activity of DRN 5-HT neurons in
female rats within a short period of time. Moreover, these results suggest that
these neuroactive steroids could reduce the delay of therapeutic onset of
citalopram and possibly of other SSRIs. Considering the pharmacological profile
of ganaxalone, this neuroactive steroid might represent an interesting adjuvant in

the treatment of mood disorders in female.
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FIGURE LEGENDS

Figure 1: (A) Integrated firing rate histograms of 5-HT neurons, showing their
spontaneous firing activity, recorded in one electrode descent in the DRN of
female controls (3% ethanol, i.c.v., 7 days) and following a treatment with 3a,50-
THP alone or concomitantly with RU486 (50pg/kg/day, i.c.v., 7 days, each). (B)
Spontaneous firing rate of female DRN 5-HT neurons expressed in Hz (mean +
S.E.M.) in controls and following a 7-day treatment with 3a,5a-THP alone or
with RU486 (50ug/kg/day, i.c.v., each). In this and the following figures, the

number of neurons recorded is indicated in each box. Stars indicate P < 0.05.
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Figure 2: Spontaneous firing rate of DRN 5-HT neurons expressed in Hz (mean +

S.E.M.) in controls and female treated with RUA486 (50 pg/kg/day, i.c.v., 7 days).

The star indicates P < 0.01.
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Figure 3: Spontaneous firing rate of DRN 5-HT neurons expressed in Hz (mean +

S.E.M.) following a 3-day treatment with 3o, 50-THP (50 pg/kg/day, 1.c.v.) or the

vehicle (3% ethanol, i.c.v.). The star indicates P < 0.001.
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Figure 4: Spontaneous firing rate of DRN 5-HT neurons expressed in Hz (mean +
S.E.M.) before as well as at various time period (00-29, 30-59 and 60-90 minutes)
following a single injection of 3% ethanol (controls) or 3a,50-THP (1 pg/kg,

i.c.v.). Stars indicate P <0.05.
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Figure 4
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Figure 5: Spontaneous firing rate of DRN 5-HT neurons expressed in Hz (mean +
S.E.M.) following a 3-day co-treatment with citalopram (10 mg/kg/day, s.c.) and
either the vehicle (3% ethanol, i.c.v.) or 3o,50-THP (50 pg/kg/day, i.c.v.). The

star indicates P < 0.05.
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Figure 5
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Figure 6: Spontaneous firing rate of DRN 5-HT neurons expressed in Hz (mean +
S.E.M.) following A) a 3-day and B) a 7-day treatment with ganaxolone (50
ug/kg/day, i.c.v.), and their respective controls (3% ethanol, i.c.v. for 3 or 7 days).

The stars indicate P < 0.001.
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Figure 6
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Figure 7: Spontaneous firing activity of DRN 5-HT neurons expressed in Hz
(mean + S.EM.) following a 3-day co-treatment with citalopram (10 mg/kg/day,
s.c.) and either the vehicle (3% ethanol, i.c.v.) or ganaxolone (50 pg/kg/day,

i.c.v.). The star indicates P < 0.05.
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Foreword to Chapter 7

DHEAS modulation the firing activity of dorsal raphe nucleus

serotonergic neurons

The last study indicated a rapid increase in 5-HT neuronal firing activity
following administtation of 30,50-THP and ganaxolone to females. Furthermore,
both these steroids were able to prevent the reduction in firing frequency induced
by the SSRI citalopram. If also true in humans, these data would suggest that
these steroids could be interesting candidates as adjuvants to SSRIs in the

treatment of depression. However, one of the earlier studies had shown that the

effect of 3a,5a-THP was limited to females.

Evidence suggests antidepressant properties for dehydroepiandrosterone
sulfate (DHEAS, see introduction). In hope of finding a steroid, which has
antidepressant potential and which could be effective regardless of gender, the
aim of this study was to assess the effects of DHEAS on the spontaneous 5-HT
neuronal firing activity and its ability to prevent the citalopram-induced reduction

of this activity in both males and females.
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ABSTRACT

Accumulating evidence suggest antidepressant properties for DHEA and
DHEAS in both animal models and clinical trials. We have already shown that
DHEA increased the firing activity of dorsal raphe nucleus (DRN) serotonergic
(5-HT) neurons in female but not male rats. This study was thus undertaken to
assess the effect of DHEAS on the 5-HT neuronal firing activity in both males
and females. In vivo extracellular unitary recording of S-HT neurons performed
in the DRN of these rats revealed that the intracerebroventricular (i.c.v.)
administration of DHEAS for either 3 or 7 days increased the firing activity of 5-
HT neurons in both males and females. Furthermore, when co-administered with
citalopram (s.c.) for 3 days, DHEAS partially prevented the SSRI-induced
reduction in firing frequency, irrespectively of gender. The present findings are in
accordance with the putative antidepressant properties of DHEAS and also offer a
physiological basis for these effects. Finally, these results could suggest a
potential therapeutic application for DHEAS as an adjuvant to SSRIs in the

treatment of depression.
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INTRODUCTION

There is evidence suggesting that dehydroepiandrosterone and its sulfated
moiety (DHEA and DHEAS) have antidepressant properties. For instance,
DHEA was shown to be beneficial in the treatment of dysthymia (Bloch et al.
1999) and major depression (Bloch et al. 1999; Wolkowitz et al. 1999;
Wolkowitz et al. 1995; Wolkowitz et al. 1997). The response rate of patients
treated with DHEA was greater than with placebo (Bloch et al. 1999; Wolkowitz
et al. 1999). Interestingly, during these treatments, the plasma levels of DHEAS
increased at least 3 times more than that of DHEA (Bloch ef al. 1999; Wolkowitz
et al. 1995). Furthermore, the changes in mood ratings were correlated with the
increase in plasma levels of DHEAS (Bloch et al. 1999) rather than DHEA (Bloch
et al. 1999). In older patients, improvement of depressive symptoms seemed
associated with increases of both DHEA and DHEAS levels (Wolkowitz et al.

1995; Wolkowitz et al. 1997).

In the Porsolt forced swimming test, used to predict antidepressant effects,
DHEAS was shown to reduce the immobility time, indicating antidepressant-like
effects for this steroid (Reddy et al. 1998; Urani et al. 2001). DHEA also reduced
the immobility time in this paradigm but only in high-anxiety rats (Prasad et al.
1997), which might suggest a lower efficacy for DHEA as compared to that of its
sulfated counterpart. Taken together these data suggest antidepressant properties

for DHEA(S) and that DHEAS might in fact be responsible for these effects.
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The serotonin (5-HT) system has also long been implicated in the
neurobiology of depression (Coppen 1967; Lapin & Oxenkrug 1969). The most
compelling evidence relies on the enhancement of 5-HT neurotransmission
observed with antidepressant treatments (Blier & de Montigny 1999). Supporting
the putative antidepressant properties of DHEA, we previously showed that this
neurosteroid increased the firing activity of 5-HT neurons from the dorsal raphe
nucleus (DRN) in female rats (Robichaud & Debonnel 2004). However, this was
not true in males (Robichaud & Debonnel, submitted). Based on the above-
mentioned literature, it deemed important to test DHEAS in our paradigm. The
rationale was that if DHEAS was indeed the active molecule in that respect, it
might have a more pronounced effect than DHEA in males and might be potent
enough to modulate the firing activity of their 5-HT neurons. The goal of this
study was thus to assess the effect of DHEAS on the spontaneous firing activity of
DRN 5-HT neurons in both males and females, and to investigate a potential

therapeutic application.
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METHODS

Animals

All rats used were Sprague Dawleys (Charles-River, St-Constant, Québec,
Canada), weighed between 225 g and 325 g and were kept under standard
laboratory conditions (12:12 light-dark cycle with access to food and water ad
libitum). Freely cycling females and males were used for the experiments.
Ethical committee approval was obtained from the McGill University Animal

Ethical Care Committee and all their rules and regulations were followed.

Treatments

DHEAS was dissolved in 3% (v/v) ethanol/distilled water. A dose of 50
ug/kg/day was administered continuously and intracerebroventricularly (i.c.v.) by
means of a subcutaneous osmotic minipump connected to a canulae (ALZA, Palo
Alto, CA, USA). The canulae was implanted in the left lateral ventricle of the rat
brain and the surgery was performed as described by the manufacturer (ALZA,
Palo Alto, CA, USA), under chloral hydrate anesthesia. Both females and males
received a 3- or a 7-day treatment of DHEAS. Controls received the vehicle (3%
ethanol) for the same period of time. DHEAS and the vehicle were also co-
administered with citalopram (a selective serotonin reuptake inhibitor or SSRI,
10mg/kg/day, s.c.) for 3 days. Citalopram, dissolved in distilled water, was
administered by means of a subcutaneous osmotic minipump (ALZA, Palo Alto,

CA, USA), for a daily dose of 10 mg/kg.
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Electrophysiological Experiments

All rats were anesthetized by an intraperitoneal injection of chloral hydrate
(400 mg/kg). Additional doses of 100 mg/kg were administered when needed.
Rats were immobilized in a stereotaxic apparatus and their body temperature was
maintained at approximately 37° C throughout the experiment by a thermistor-
controlled heating pad. Extracellular unitary recordings of serotonergic neurons
were obtained with single-barelled glass micropipettes pulled in a conventional
manner, filled with a 1M NaCl solution and of final impedance ranging between 2
and 6 MQ. A 4 mm-diameter hole was drilled in the skull of each rat at about 1
mm anterior of lambda and centered with respect to the midline. The unitary
activity of DRN 5-HT neurons was recorded by lowering the micropipette along
descents covering the nucleus from 300 um to about 1500 um anterior of lambda.
Spontaneously active DRN 5-HT neurons were identified according to the criteria
of Aghajanian: a slow and regular rythmical firing rate and a shape of action
potential with a large initial positive spike of 1-2 msec duration and a postspike
hyperpolarization (Aghajanian et al. 1978; Aghajanian & Vandermaelen 1982).
The basal firing rate of 5-HT neurons was calculated by averaging the firing rate
of each neuron measured. This was achieved by recording, for at least 60
seconds, each 5-HT neuron encountered in complete descents in the DRN of at

least 5 rats.
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Statistics

Statistical analyses were performed with the software SigmaStat for
Windows Version 2.0 (Jandel Corporation). Average values are given as the mean
+ S.E.M. One-way ANOVA, with alpha = 0.05, followed by a post-hoc analysis
using Tukey’s method of comparison versus controlv was used for evaluating
statistical significance. Results (F) of statistical analysis are expressed in terms of
degrees of freedom between groups compared and number of groups compared.

Significance was considered for P<0.05.

Drugs
Dehydroepiandrosterone sulfate (DHEAS) was purchased from Steraloids

and Citalopram was kindly provided by Lundbeck Canada (Montréal, Québec,

Canada).

415



RESULTS

A 7-day treatment with DHEAS increased the firing activity of 5-HT
neurons in both females (1.59 + 0.12 Hz, n = 92 compared to 1.26 = 0.09 Hz, n =
75, [F(1,2) = 4.66, P<0.05, Tukey’s test, q = 3.1, P<0.05], Fig. 1) and males (2.02
+ 0.18 Hz, n = 74 compared to 1.35 + 0.11 Hz, n = 62, [F(1,2) = 8.73, P<0.005,
Tukey’s test, q = 4.2, P<0.05], Fig. 2). This increase could also be observed as
early as after 3 days of treatment in both females (1.78 + 0.17 Hz, n = 48
compared to 1.38 = 0.11 Hz, n = 61, [F(1,2) = 4.29, P<0.05, Tukey’s test, q =2.9,
P<0.05], Fig. 1) and males (1.69 + 0.10 Hz, n = 82 compared to 1.25+ 0.11 Hz, n
=69, [F(1,2) = 8.88, P<0.005, Tukey’s test, q = 4.2, P<0.05], Fig. 2).

It is well known that the short-term administration of SSRIs decreases the
firing activity of 5-HT neurons (Chaput et al. 1986; Romero et al. 1996). This
was also observed in the present experiments, in both sexes, as a 3-day
administration of citalopram significantly reduced the firing activity of 5-HT
neurons in females (0.53 & 0.06 Hz, n = 52 compared to 1.14 & 0.10 Hz, n = 42,
[F(2,3) = 9.33, P<0.001, Tukey’s test, q = 6.1, P<0.05], Fig. 3A) and males (0.63
+ 0.07 Hz, n = 61 compared to 1.25 + 0.11 Hz, n = 69, [F(2,3) = 11.97, P<0.001,
Tukey’s test, q = 6.8, P<0.05], Fig. 3B). It was then investigated whether the
DHEAS-induced increase in firing rate could compensate for the suppressant
effect of citalopram. In both sexes, co-treatment with DHEAS with citalopram
only partially prevented the reduction in firing activity (females: 0.82 = 0.10 Hz, n
= 69 compared to 1.14 £ 0.10 Hz, n = 42, [F(2,3) = 9.33, P<0.001, Tukey’s test, q
=3.4, n.s.], Fig. 3A; males: 0.87 £ 0.08 Hz, n = 69 compared to 1.25 + 0.11 Hz, n

=69, [F(2,3) = 11.97, P<0.001, Tukey’s test, q = 4.4, n.s., Fig. 3B).
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DISCUSSION

The main finding of this study is the increase in 5-HT neuronal firing
activity following short (3 days) and longer (7 days) treatments with DHEAS in
male and female rats. This supports the proposed antidepressant properties of
DHEAS (Bloch et al. 1999; Reddy et al. 1998; Urani et al. 2001; Wolkowitz et al.
1995; Wolkowitz et al. 1997) and offers a physiological mechanism through
which they may take place. Interestingly, DHEAS seemed equally effective in
both sexes as opposed to DHEA, which increased the firing activity of 5-HT
neurons only in females (Robichaud & Debonnel 2004, submitted). This is in
accordance with our initial hypothesis that DHEAS might be the active molecule
in this respect. In males, there might not be enough of DHEAS formed from
DHEA to modulate the firing activity of 5-HT neurons but when DHEAS itself is

administered, such changes can occur.

The mechanism of action underlying this effect of DHEAS is unclear.
However, based on its pharmacological properties on various receptors, several
hypotheses can be proposed. For instance, DHEAS is an allosteric antagonist of
GABA receptors (Demirgéren et al. 1991; El-Etr et al. 1998; Hansen et al. 1999;
Majewska et al. 1990; Mehta & Ticku 2001; Shen et al. 1999; Sousa & Ticku
1997) much more potent than DHEA in this respect (Demirgdren et al. 1991;
Imamura & Prasad 1998; Mehta & Ticku 2001). The rat DRN 5-HT neurons are
under a tonic GABAergic inhibition, which is mostly mediated by GABA4

receptors (Gervasoni et al. 2000; Innis & Aghajanian 1987). DHEAS, by
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negatively modulating GABA, receptors, might thus reduce this tonic inhibition
of 5-HT neurons and increase their firing activity. The lesser antagonistic potency
of DHEA as compared to DHEAS may be a reason for the lack of noticeable
effect of DHEA on 5-HT neuronal activity in males. In females, 5-HT neurons
appear to be under greater GABAergic tonic inhibition (Robichaud et al. 2002),
which may explain why DHEA nevertheless increased their neuronal activity

(Robichaud & Debonnel 2004).

DHEAS has also been shown to slightly potentiate the response of NMDA
receptors (Bowlby 1993; Park-Chung et al. 1994), which are involved in the
glutamatergic stimulation of 5-HT neuronal activity (Jolas & Aghajanian 1997;
Tao & Auerbach 2000). A greater NMDA-mediated glutamatergic excitatory
input on 5-HT neurons could therefore explain their faster firing rate. However,
the glutamatergic input on 5-HT neurons does not appear to be tonic (Tao et al.
1997; Tao & Auerbach 2000). Therefore, it is less likely to be responsible for the

DHEAS-induced increase in 5-HT neuronal activity.

The presently reported effect of DHEAS could also be mediated by sigma
(o) receptors. Although DHEAS binds o receptors with only low affinity
(Maurice et al. 1996), its effects have often been shown to be ¢ receptor-mediated
(Maurice et al. 1997; Maurice et al. 1998; Meyer et al. 2002; Noda et al. 2000;
Ueda et al. 2001). For instance, DHEAS was shown to be beneficial in models of
learning impairment (Maurice et al. 1997), conditioned fear response (Noda et al.

2000) and amnesia (Maurice et al. 1998), through activation of o receptors.
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Interestingly, the antidepressant-like effect of DHEAS in mice appears to be
mediated, at least in part, by o; receptors since it was efficiently prevented by co-
administration a selective o, antagonist (Reddy et al. 1998; Urani et al. 2001).
Studies from our lab have also shown that o; receptors were implicated in the
DHEA-induced increase in 5-HT neuronal activity (Robichaud & Debonnel 2004)
and that other sigma ligands had similar effects in this paradigm (Bermack &
Debonnel 2001). Together, these data could support a role for o receptors in the
excitatory effect of DHEAS on 5-HT neurons. Additionally, DHEAS can
increase glutamate release from cultured hippocampal neurons via o) receptors
(Meyer et al. 2002). If this was the case in the DRN, it could increase the
glutamatergic tone on 5-HT neurons and thus increase their firing activity as

mentioned above.

Another interesting finding of this study was that co-administration of
DHEAS with citalopram for 3 days could partially compensate for reduction in
firing activity of 5-HT neurons caused by this SSRI alone. Chronic treatments
with SSRIs are known to cause an initial decrease in the firing activity of 5-HT
neurons (Chaput ez al. 1986; Romero et al. 1996). The underlying mechanism of
action has been reviewed elsewhere (Blier & de Montigny 1999). Briefly, 5-HT
reuptake blockade enhances extracellular 5-HT, thus leading to greater activation
of somatodendritic 5-HT;, autoreceptors. This produces an initial inhibition of
the 5-HT neuronal firing rate, which is followed by a gradual desensitisation of

these autoreceptors. 5-HT neurons can thus eventually recover their normal firing
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activity, and the SSRI-induced greater extracellular 5-HT concentration can
finally be expressed as enhanced 5-HT neurotransmission. This desensitisation
process has a timeframe consistent with the delayed therapeutic onset of action
seen with antidepressants, which emphasizes the importance of reducing this

timeframe.

In females, 3o,50-THP and ganaxolone efficiently prevented this initial
reduction of the 5-HT neuronal firing activity caused by citalopram {Robichaud
& Debonnel, submitted}. However, 3a,5a-THP did not modulate the firing
activity of 5-HT neurons in males {Robichaud & Debonnel, submitted}.
Therefore, this effect of DHEAS, which is irrespective of gender, could be
exploited in developing new therapeutic approaches for treating depression. For
instance, this partial recovery of a normal firing activity following administration
of both DHEAS and citalopram suggest that this combination might be helpful to
accelerate the onset of therapeutic action of SSRIs in men, as well as women.
DHEAS could thus be used as an adjuvant to already existing treatments. This is
supported by the literature on clinical studies (Bloch et al. 1999; Wolkowitz et al.
1995; Wolkowitz et al. 1997) and animal model of depression (Reddy et al. 1998;

Urani et al. 2001), which suggests antidepressant effects for this steroid.
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FIGURE LEGENDS

Figure 1: Spontaneous firing rate of DRN 5-HT neurons expressed in Hz (mean +
S.E.M.) in females treated for 3 or 7 days with DHEAS (50 pg/kg/day, i.c.v.) and
their respective controls (3% ethanol, i.c.v.). In this and the following figures, the

number of neurons recorded is indicated in each box. The star indicates P < 0.05.
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Figure 2: Spontaneous firing rate of DRN 5-HT neurons expressed in Hz (mean +
' S.E.M.) in males treated for 3 or 7 days with DHEAS (50 pg/kg/day, i.c.v.) and

their respective controls (3% ethanol, i.c.v.). The star indicates P < 0.005.
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Figure 3: Spontaneous firing rate of DRN 5-HT neurons expressed in Hz (mean +
S.E.M.) following a 3-day co-treatment with citalopram (10 mg/kg/day, s.c.) and

either the vehicle (3% ethanol, i.c.v.) or DHEAS (50 pg/kg/day, i.c.v.) in A)

females and B) males. The star indicates P < 0.05.
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Chapter 8

CONCLUSION



Important gender differences exist regarding affective disorders, with women
being more at risk than men (5,12,14,17,31-33,42,59,60). There is strong evidence of a
role for ovarian hormones in female mood disorders (20,21,29,52,54). Furthermore, a
large body of evidence indicates a functional interrelationship between depression,
neuroactive steroids and the serotonergic (5-HT) system, which has itself long been
implicated in the neurobiology of affective disorders (15,56). Since the activity of 5-HT
neurons located in the dorsal raphe nucleus (DRN) is crucial for 5-HT neurotransmission,
the first goal of this thesis project was to evaluate gender differences in the spontaneous
firing activity of DRN 5-HT neurons and to examine different potential mechanisms of
action underlying these differences. The second objective was to assess the modulation
of the 5-HT neuronal firing activity by various neuroactive steroids and compare this
modulation between males and females. Finally, a potential therapeutic application for

some of these steroids was investigated.

As a whole, this thesis supports current molecular studies, which suggest that the
5-HT system is modulated by neuroactive steroids. Furthermore, the results presented in
this thesis suggest a biological basis for the greater susceptibility of women to mood
disorders. They also offer an explanation as to why some steroids have antidepressant

properties.

In the first study, a greater 5-HT neuronal firing frequency in males and pregnant
females as compared to freely cycling females was shown. Interestingly, during

pregnancy, the 5-HT neuronal firing activity closely paralleled the variations in
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progesterone (P) plasmatic levels. Both gradually increased, peaked at the 17™ day of
pregnancy (P17) and then dropped just before parturition. In the postpartum period, the
firing rate decreased as compared to P17 but was still greater than in freely cycling
females. These results demonstrated a clear modulation by gender and heightened

hormonal levels of the in vivo spontaneous firing activity of DRN 5-HT neurons.

A distinction was made between gender and hormonal status because, even
though males have lower ovarian hormonal levels, reducing that of females through
ovariectomy did not modulate their firing activity. This suggests that the sex difference
in firing activity is not solely due to hormonal levels but is rather a gender-dependent
trait, which probably arises from more complex and developmentally regulated
mechanisms. The clear correlation between the neuronal activity and P levels during
pregnancy strongly suggested an implication of P and/or its metabolites in the modulation
of 5-HT neurons. The involvement of P metabolites and/or other steroids was also
suggested by the fact that following parturition, the firing activity ceased to correlate with

P levels and did not return to baseline as quickly.

The second part of this study assessed the role of different regulatory mechanisms
potentially involved in these gender differences and hormonal modifications of the 5-HT
neuronal firing activity: 5-HTa receptors and the tonic GABAergic inhibition of 5-HT
neurons. The results indicated that during pregnancy, there was a partial desensitization
of the 5-HT 4 autoreceptor as well as a greatly reduced GABAergic tonic inhibition of 5-

HT neurons. Both of these observations are in accordance with and could explain the

437



greater firing activity of 5-HT neurons observed during pregnancy. In males, 5-HT
neurons also appeared to be under a lesser GABAergic tonic inhibition, which is also in
agreement with their faster firing activity as compared to freely cycling females. A
gender difference in the function of the 5-HT;, autoreceptor was also observed but could
not be simply expressed in terms of sensitivity. However, a lesser tonic activation of this
receptor in males was hypothesized and could explain the pharmacological results as well
aé the faster firing frequency observed in males. These results constitute strong evidence
of mechanisms by which gender and hormonal fluctuations could modulate the 5-HT

neurons function and influence vulnerability to mood disorders.

The following study investigated the modulation of 5-HT neuronal activity by P
and its metabolites in females in order to elucidate which neuroactive steroids participate
in the enhanced neuronal activity observed during pregnancy. The hypothesis was that
these steroids could thus alter 5-HT neurotransmission and be relevant to mood disorders.
Interesting findings concerning the steroid modulation of the 5-HT system were obtained.
First, 7 days of administration of 5p-DHP, 3¢,5a-THP and DHEA clearly increased the
firing activity of 5-HT neurons in females. Considering that P and its precursor PREG
did not significantly modify the firing activity, and that P is rapidly metabolized in the
brain, these results suggest that P metabolites, rather than P itself, play an important role

in the modulation of the 5-HT neuronal activity observed during pregnancy.

Second, the effects of SB-DHP and DHEA had a different timeframe. There was

a net increase in firing activity following 7 days of treatment with 58-DHP, which
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gradually faded and returned to baseline values within 21 days. This could suggest that
the receptor, which mediates the effect of 53-DHP is desensitized within this time period.
On the other hand, the effect of DHEA, which was already clearly present after 7 days,
increased continuously during the 21-day period of investigation. Using the selective o,
antagonist NE-100, we showed that o; receptors mediated, at least in part, the effect of
DHEA but not that of 5p-DHP. Together these results indicate that more than one type
of receptor is involved in the steroid modulation 5-HT neuronal activity. It is still unclear
whether a given steroid acts via more than one type of receptor. However, given the

variety of receptor-mediated effects of many steroids (see introduction), some of them

could plausibly have a multiplicity of effectors. Furthermore, this could well differ

between various steroids.

The steroid which induced the greatest increase in 5-HT neuronal firing activity
was 3o,50-THP. Amongst steroids, this is also the most potent positive modulator of the
GABA, receptor. Moreover, during pregnancy, the levels of this steroid increase
dramatically while the GABAergic tonic inhibition of 5-HT neurons, which is mainly
GABA, receptor-mediated, is greatly reduced. Together, these data could suggest that
30,50-THP is important for the increase in firing activity observed during pregnancy and
that it modifies the GABAergic tonic inhibition of 5-HT neurons through its action at
GABA, receptors. They also further support the hypothesis of multiple types of

receptors taking part in the steroid modulation of the 5-HT system.
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Considering that antidepressant treatments increase 5-HT neurotransmission,
these results, showing that 3a,50-THP and DHEA enhance the firing activity of 5-HT
neurons, offer a physiological basis for the antidepressant-like effects of 3o, 5a-THP
observed in animals (34,35) as well as the antidepressant property of DHEA in humans

(16,80,81).

Since a difference in 5-HT neuronal spontaneous firing rate had been observed
between sexes in the first study, a possible gender-dependent modulation of this activity
by neuroactive steroids was then investigated. In the third study, males were thus treated
with the steroids which had been found to be effective in females. Surprisingly, neither
5B-DHP, 3a,50-THP nor DHEA had an effect on the firing activity of 5-HT neurons in
males. For this reason and the observation that the basal firing rate differs between sexes,
the role of androgens was then investigated. Of castration and treatments with T and 5a.-
DHT, only T enhanced the firing activity of 5-HT neurons in males. For the purpose of
gender comparison, females received T and it also resulted in a faster firing frequency of
their 5-HT neurons. Despite this similar net effect in both males and females, a gender
difference was nevertheless observed. Indeed, in males, only a small proportion of
neurons seemed responsive to T and they acquired a very fast firing activity, whereas in
females, this effect seemed more generalized but less dramatic. This constitutes a further
demonstration of intrinsic gender differences in the 5-HT neuronal modulation, which
could potentially have dramatic physiological consequences regarding the neurobiology
of depression. The results obtained in theses studies suggest that the female 5-HT system

is more sensitive to neuroactive steroid modulation than that of males. This could
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contribute to women’s greater vulnerability to mood disorders, especially when

considering the frequent hormonal variations that they experience throughout their life.

In the brain, T is mainly metabolized into 17B-E and 5a-DHT (67) and since 5a-
DHT did not modulate the activity of 5-HT neurons in males, the effect of 17B-E was
examined. It increased the firing activity of 5-HT neurons in both males and females,
thus supporting the hypothesis that the effects of T could be mediated through its
aromatization. These results are also in accordance with the antidepressant-like effects of
17B-E (see introduction). In terms of mechanisms of action, this steroid was shown to act

on various proteins of the 5-HT system as well as on afferent systems.

Since, in females, the most potent steroid was 3a,50-THP, the time-frame of its
modulation of the 5-HT neuronal firing activity was further characterized. This study
confirmed the previous findings and showed that this 3a,50-THP-induced increase in
firing frequency was already present after 3 days of administration and even appeared as
early as 30 to 60 minutes following a single injection. This steroid thus seems to have a
very rapid onset of action for sustained effects on the 5-HT neuronal activity. Not only
did these results support the antidepressant-like properties of 3o,50-THP but the time
frame of its action also made it attractive as a potential adjuvant for treating depression.
Naturally occurring hormones may, however, not be the best therapeutic candidates. It
was thus important to assess whether ganaxolone, a synthetic analog to 3a.,50-THP, had
similar effects on the firing activity of 5-HT neurons. Indeed, both a 3- and a 7-day

treatment with ganaxolone enhanced the 5-HT neuronal activity.
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There is a well-documented delay that precedes the therapeutic onset of action of
antidepressants. In the case of SSRIs this delay is thought to be due to the initial
reduction in firing activity of 5-HT neurons. Because of the rapid increase in 5-HT
neuronal firing activity observed in our paradigm with 3o,5a-THP and ganaxolone, the
potential of these steroids to prevent the reduction in firing frequency induced by the
SSRI citalopram was then assessed. Interestingly, they blocked the citalopram-induced
reduction in 5-HT neuronal firing activity. In humans, if this initial reduction is indeed
responsible for the delay in therapeutic onset of action, these steroids could be interesting
candidates as adjuvants to SSRIs in the treatment of depression. Ganaxolone might be
particularly interesting in this regard since it is not metabolized into hormonally active
compounds, does not seem to induce tolerance (58) and has been shown to be safe for

humans (39,48).

These exciting results seemed, however, limited to females.  Therefore, we
sought another steroid, which could possibly prevent the SSRI-induced initial reduction
of 5-HT neuronal firing activity in both males and females. Some studies addressing the
antidepressant properties of DHEA have suggested that DHEAS might be the active form
of this steroid. For this reason, the effect of DHEAS was assessed in this paradigm. In
both males and females this steroid increased the firing activity of 5-HT neurons with a
short onset of action and a lasting effect. However, in neither sex was it able to

signiﬁcantly prevent the citalopram-induced decrease in firing activity.
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Possible mechanisms of action for the modulation of 5-HT neurons by steroids

As mentioned in the introduction, steroids could modulate the 5-HT systems
through different mechanisms of action, which could involve various types of receptors
and different neurotransmitter systems afferent of DRN 5-HT neurons (for a schematic

representation of the main modulatory inputs on 5-HT neurons see figure 1).

The classical genomic mechanisms of action cannot be ruled out but is unlikely, at
least in the case of 30L,50L-THP, because its action takes place within a very short time-
frame. Aside from this, 3a,50-THP does not bind the classical steroid receptors such as
ER or PR and P, which binds PR was not effective in our paradigm. On the other hand
17B-E was effective and can bind ER, indicating that ER might be involved. The rat
DRN expresses very low levels of ERa (50,64) but higher levels of ERP (50,63) and,
while ERa and PR are undetectable in 5-HT cells (4,41), about 40% of 5-HT neurons
express ERf mRNA (41). Therefore, if the mechanism for 17B-E’s effect is genomic, it
is more likely to occur via ERP than ERa. Membrane steroid receptors and activation of
intracellular signalling cascades could also constitute ways though which neuroactive
steroids might influence 5-HT neuronal activity. No data is yet available to speculate on

the details of these processes.

It is well known that 5-HT neurons receive noradrenergic (NE) and glutamatergic
(1,30) excitatory input. An involvement of these two systems in the modulation of 5-HT

neuronal activity by neuroactive steroids is thus possible (see introduction). However,
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pregnancy did not modify the firing activity of locus coeruleus NE neurons, suggesting
that the NE system was not the primary site of action of ovarian steroids. More studies
would be needed to address these issue but they were beyond the scope of this thesis.
Experiments were aimed at modulatory mechanisms, most likely involved in the steroid
modulation of the 5-HT neuronal activity, such as 5-HT;, and ¢ receptors and the tonic

GABAergic inhibition of 5-HT neurons.

There is evidence of an ovarian hormonal modulation of several enzymes and
receptors participating in 5-HT neurotransmission (see introduction). The data presented
here point to a beneficial effect for estrogen in this regard. For example, evidence
suggests that E reduces the function of 5-HT 5 autoreceptors in female rats (13,83). This
was confirmed by electrophysiological experiments, similar to ours, showing a
desensitization of the 5-HT4 autoreceptor in the DRN of OVX rats following 48h of E
administration (37,38). Considering the autoinhibitory role of this receptor on the firing
activity of 5-HT neurons, this estrogenic effect might facilitate 5-HT neurotransmission.
The results of this thesis support these findings. Indeed, during pregnancy a partial
desensitization of this autoreceptor was observed along with an increase in basal firing
activity. This increase in firing activity was also reproduced by administration of
different ovarian steroids. These results suggest that the molecular effects on the 5-HT5
autoreceptor reported by others have functional consequences on the firing activity of 5-

HT neurons and possibly on the 5-HT neurotransmission efficacy.
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Various steroids have high affinity for o receptors (44-46,70,82) and activation of
o receptors has been shown to enhance the firing activity of DRN 5-HT neurons in the
same paradigm (10). Thus, ¢ receptors represented another potential way through which
neurosteroids could modulate the 5-HT system. Indeed, the involvement of o, receptors
has been confirmed for the DHEA-induced enhancement of the firing activity of 5-HT
neurons. These results thus suggest a physiological basis for the ¢; receptors-mediated
antidepressant-like effects obtained with some neuroactive steroids in rodents (57,72).
They also suggest that ¢ receptors might be implicated in the antidepressant effect of
DHEA observed in humans. P also has high affinity for ¢ receptors but seems to act as
an antagonist (7,8). This could explain why P did not modulate the firing activity of 5-
HT neurons. What remains intriguing is the fact that other o ligands were shown to
increase the firing activity of 5-HT neurons in males (11) while DHEA did not. P levels
are higher in females than males, which would suggest that higher doses of DHEA might
be necessary to compensate for P’s antagonistic action at ¢ receptors and thus to have
sigma-related effects in females. One would then expect that a given dose, which
increases the firing activity of 5-HT neurons in females, would be enough to do so in
males. However, ¢ ligands seem to have a bell-shaped dose-response curve, with high
doses of agonists acting as antagonists (9,49). It is thus possible that the doses of DHEA
used in these experiments were too high for males and that reducing the dose might be

effective in modulating the firing activity of their 5-HT neurons.

DRN 5-HT neurons are under a GABAergic tonic inhibition, which is mainly

mediated by GABA, receptors (27), whose function can be modulated by several
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neuroactive steroids. The results of this thesis strongly suggest that the steroid-induced
alterations of this GABAergic inhibition increase the 5-HT neuronal firing activity.
Indeed, pregnancy was associated with reduced GABAergic tonic inhibition of 5-HT
neurons and 3o, 50-THP, a potent modulator of GABA4 receptors, was the most effective
steroid in enhancing the firing frequency of 5-HT neurons. The putative GABA,
receptor-mediated increase in 5-HT neuronal activity might also explain the report that

GABA, receptors are implicated in the antidepressant-like effects of 3o,5a-THP (34,35).

DHEAS and, although less potently, DHEA, act as GABA, receptor antagonists
(18,43,47,53). Both of them increased the firing activity of 5-HT neurons in females,
while DHEAS was also effective in males. This would support the greater potency of
DHEAS as compared to DHEA and could thus suggest the involvement of GABA,
receptors in mediating this effect. It is however puzzling that antagonists have the same
net effect as the potent agonists 3a,5a-THP and ganaxolone, within very similar time
frames. In the case of DHEA and DHEAS, considering the high affinity of DHEA and
DHEAS for o receptors, it is possible that these receptors are implicated in this effect.

Nevertheless, these results would suggest a combination of mechanisms of action.

Further experiments will be needed to fully characterize the mechanisms of action
underlying the effects of steroids on the activity of 5-HT neurons. However, the results
of this thesis strongly suggest that multiple types of receptors are likely implicated. Each
steroid possibly acts through one or more receptors to increase the firing activity of 5-HT

neurons. And, based on these results, it appears that steroids might not all act through the
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same mechanism of action. The results of this thesis indicate that 5-HT; autoreceptors,

and o receptors contribute to this effect but there might also be others.

Clinical implications

Women are especially at risk of developing depression during period of ovarian
steroid fluctuation and the data obtain herein show that the females’ 5-HT neurons are
more sensitive to ovarian steroid modulation. In addition, altered levels of ovarian
steroids were observed during depressive episodes and normalized by successful
antidepressant treatments (61,68,69,76). Interestingly, the increase in CSF levels of
3a0,50-THP was proportional to the mood improvement (75). Different types of
antidepressants were shown to facilitate the synthesis of 3a,50-THP from S5a-DHP
(23,25,28,73) through direct interaction with the enzyme 3a-HSD (23,25,28,73). It has
been suggested that the therapeutic action of antidepressants may involve increased levels
of 3a,5a-THP (23,25,74). The results of this thesis showing that many steroids increase
the firing activity of 5-HT neurons would support this hypothesis. If, indeed this is the
case, these steroids could prove good adjuvants in the treatment of depression, especially

with such a fast onset of action.

This is also in keeping with clinical studies and animal models showing
antidepressant (or antidepressant-like in the case of animals) properties for different
ovarian steroids including estradiol (2,3,22,24,26,36,62,65,77,78), DHEA(S)

(16,57,71,79-81) and 3o,5a-THP (34,35), which are clearly supported by the steroid-
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induced increase in 5-HT neuronal firing activity. Taken together with the literature, the
present results support synergetic interactions between neurosteroids and antidepressants

to modulate the 5-HT system and/or induce beneficial effects on mood.

There is evidence of anatomical and functional dissimilarities between men and
women’s 5-HT systems (6,19,40,51,55), which might explain gender differences related
to depression and women’s greater vulnerability to mood disorders. The slower firing
activity of 5-HT neurons in females as compared to males, if also occurring in humans,
would further support this. Furthermore, data suggest that some women may be have
altered sensitivity to hormonal modulations of the 5-HT system (66). The female 5-HT
system appears to be especially sensitive to hormonal modulation. In women with a
certain predisposition, this might be enough to increase their vulnerability to developing

mood disorders.

Finally, our results clearly show yet another gender difference in the function of
the 5-HT system and in the ability of neurosteroids to modulate it. These findings, added
to the previous data, further characterize not only similarities but also sex differences in
the modulation of 5-HT neurons by some steroids, which could prove important in the
understanding of gender differences in mood disorders. Furthermore, the present data
offer a biological basis to the reported antidepressant properties of certain steroids and
suggest that they could be used as adjuvants to antidepressants in the treatment of

depression.
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Figure 1: Schematic representation of excitatory and inhibitory inputs on DRN 5-HT

neurons.
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