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Preface

The studies and the reviews of the present thesis concem the serotonergic and the
noradrenergic systems of the hippocampus, their interactions, and their implications in
the mechanism of action of antidepressant treatments. I have chosen the option provided
in the "Guidelines Concerning Thesis Preparation” which allows inclusion as chapters of
the thesis the text of original papers concerning the thesis research project. The Faculty
regulations required to be cited in full are the following:

"Candidates have the option, subject to the approval of their Department, of
including, as part of their thesis, copies of the text of a paper(s) submitted for
publication, or the clearly-duplicated text of a published paper(s), provided that
thesc copies are bound as an integral part of the thesis.
- If this option is chosen, connecting texts, providing logical bridges between
the different papers, are mandatory.
- The thesis must still conform to all other requirements of the "Guidelines
Conceming Thesis Preparation" and should be in a literary form that is more
than a mere collection of manuscripts published or to be published. The thesis
must include, as separate chapters or sections: (1) a Table of contents, (2) a
general abstract in English and French, (3) an introduction which clearly states
the rationale and objectives of the study, (4) a comprehensive general review
of the background literature to the subject of the thesis, when this review is
appropriate, and (5) a final overall conclusion and/or summary.
- Additional material (procedural and design data, as well as descriptions of
equipment used) must be provided where appropriate and in sufficient detail
(e.g. in appendices) to allow a clear and precise judgement to be made of the
importance and originality of the research reported in the thesis.
- In the case of manuscripts coauthored by the candidate and others, the
candidate is required to make an explicit statement in the thesis of who
- contributed to such work and to what extent; supervisors must attest to the
accuracy of such claims at the Ph.D. Oral defense. Since the task of the
examiners is made more difficult in these cases, it is the candidate's interest to
make perfectly clear the responsibilities of the different authors of coauthored
papers."

The experimental parts of the thesis (chapters 2, 3, 4, 5 and 6) consist of four
original articles that have been already published and one submitted for publication. In
these five studies, I have done all the experimental work, written the manuscripts,
performed the calculations and statistical analysis and drawn the figures. The use of the
terms "we", and "our" within the text refers to myself and my thesis supervisors, Drs. P.
Blier and C. de Montigny. Together with my thesis supervisors, I have contributed to the
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design of the experiments, to the formulation of the working hypothesis and to the
interpretation of the results. A comprehensive general review of the literature is provided

in chapter 1. The overall summary and discussion of the different studies of this thesis
are made in chapter 7.

"- Elements in the thesis that are to be considered as contributions to original
knowledge must be clearly indicated in the preface or by separate statement at

the beginning or at the end of the thesis. This requirement is mandatory for
Ph.D. theses.

- Theses should also contain an appropriate, not necessarily long or
exhaustive, historical statement of previously relevant work or investigation."

The existence of (2-adrenergic heteroreceptors that inhibit the release of
serotonin has been known since the early 80's from in vitro studies. The work presented
in chapter 2 is the first in vivo electrophysiological characterization of these
heteroreceptors. There were some clues in the literature suggesting that the 5-HT3
agonist 2-methyl-5-HT modulates the release of noradrenaline. The study presented in
chapter 5 demonstrates that there are 5-HT3 receptors that enhance the release of
noradrenaline in rat brain limbic areas. The other studies of this thesis are original
contributions on the effect of antidepressant drugs at the level of the serotonergic and
noradrenergic systems, except the finding that repeated electroconvulsive shock increases
the serotonergic neurotransmission (chapter 5) which was already reported by de
Montigny and collaborators. We were the first to provide evidence that o2-adrenergic
heteroreceptors become desensitized following long-term treatments with drugs that
increase the synaptic concentration of noradrenaline (chapters 4 and 5). The last study of
this thesis (chapter 6) investigates for the first time the effect of antidepressant drug
treatments on serotonergic receptors that modulate the release of noradrenaline. Finally,
the review of the literature of chapter 1 is also a contribution to original knowledge since
no reviews on serotonergic and noradrenergic neurotransmission and the effects of
antidepressant treatments have ever focused specifically on the hippocampus.
Furthermore, as far as I know, the review provided in this chapter on the interactions

between the central serotonergic and noradrenergic systems of the brain has never been
done before.
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ABSTRACT

Since the formulation of the monoaminergic hypotheses of depression, several
investigations have established that the serotonin (5-HT) as well as the noradrenaline
(NA) systems are altered by antidepressant treatments. In the last few years, several
studies have indicated that interactions between these two systems might also be
important in the mechanism of action of antidepressant drugs. We have thus undertaken:
1) to elucidate the nature of some interactions between the 5-HT and NA systems in the
rat hippocampus using in vivo electrophysiology and in vitro superfusion techniques; and
2) to determine whether antidepressant treatments alter these interactions. It was found
that NA tonically inhibits 5-HT neurotransmission via o2-adrenergic heteroreceptors. In
addition, the presence of 5-HT3 receptors facilitating the release of NA was also
documented in this brain region. These receptors were shown to be activated by elevated
levels of endogenous 5-HT, but did not appear to be activated by basal levels of this
neurotransmitter. Long-term administrations of antidepressant drugs commonly known to
increase the synaptic concentration of NA, i.e. monoamine oxidase and NA reuptake
inhibitors, were found to desensitize the o2-adrenoceptors that inhibit the release of 5-
HT. This effect was also produced by atypical antidepressant drugs that have o2-
adrenergic antagonist properties (e.g. mianserin and idazoxan), but not by other
antidepressant treatments, (e.g. selective 5-HT reuptake inhibitors or electroconvulsive
shocks). In contrast to a2-adrenergic heteroreceptors, 5-HT3 receptors that enhance the
release of NA did not become desensitized following long-term treatments with drugs
that elevate the synaptic concentration of their endogenous neurotransmitter. Rather, the
responsiveness of these 5-HT3 receptors became blunted following an antidepressant
treatment (desipramine) that caused a large increase in the release of NA. Taken together,
these results suggest that presynaptic receptors mediating interactions between the NA
and 3-HT systems might exert an important role in the mechanism of action of
antidepressant treatments.
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Résumé

Depuis la formulation des hypothéses monoaminergiques de la dépression,
plusieurs études ont clairement établit que les systtmes sérotoninergiques et
noradrénergiques sont affectés par des traitements antidépresseurs. Au cours des
derniéres années, plusieurs études ont indiqué que les interactions entre ces deux
systémes sont importantes dans les mécanismes d'action des antidépresseurs. Nous avons
donc entrepris d'€lucider, premitérement, la nature des interactions entre les systémes
sérotoninergique et noradrénergique dans I'hippocampe du rat en utilisant des techniques
électrophysiologiques ir vivo et de superfusion in vitro . Deuxiémement, nous avons
déterminé si des traitments antidépresseurs reconnus altiraient ces interactions. Il fut
établit que la noradrénaline (NA) inhibe toniquement la neurotransmission
sérotoninergique par l'intermédiaire des hétérorécepteurs a2-adrénergiques. De plus, dans
cette région du cerveau, la présence de récepteurs du type 5-HT3 facilitant la libération
de la NA fut également établit. Nous avons montré que ces derniers sont activés par des
niveaux élevés de sérotonine (5-HT) endogéne, mais non par des niveaux de base de ce
neurotransmetteur. Les traitements 3 long-terme avec des antidépresseurs tels que les
inhibiteurs de la monoamine oxidase ou de la recapture de la NA ayant la propriété
d'augmenter la concentration synaptique de la NA, ont désensibilis€ les adrénorécepteurs
de type o2 qui inhibent la libération de la 5-HT. Ce dernier effet a aussi ét€ produit par
des traitemments antidépresseurs atypiques ayant des propriétés antagonistes o2-
adrenergiques (mianserin and idazoxan), mais non par d'autres traitment antidépresseurs,
tel quun inhibiteur sélectif de la recapture de la 5-HT ou les traitements
électroconvulsifs. Contrairement aux hétérorécepteurs o2-adrénergiques, les récepteurs
5-HT3, qui augmentent la libération de la NA, n'ont pas été désensibilisés par des
traitements a long terme avec des médicaments qui augmentent la concentration
synaptique de leur neurotransmetteur. La sensibilité de ces récepteurs 5-HT3 s'est plutdt
vu réduite suite & un traitement (désipramine) qui a entrainé une grande augmentation de
la libération de la NA. Dans l'ensemble, ces résultats suggérent que les récepteurs
présynaptiques qui médient les interactions entre les syst®mes 5-HT et NA sont des

éléments neuronaux importants impliqués dans le mode d'action des médicaments
antidépressewss.



REVIEW OF THE LITERATURE
1. Introduction

The present research endeavour is aimed at better understanding the interactions between brain
neuronal systems implicated in the regulation of mood and the biological basis of pharmacological
treatments currently used in the treatment of depression. Depression is a mental illness with both
psychological and biological symptoms. Asdescribed in the Diagnostic and Statistical Manual of Mental
Disorders (DSM IV)!, major depressive episodes are characterized by depressed mood, attenuated
interest (anhedonia), feelings of worthlessness, anorexia or hyperphagia, insomnia or hypersomnia, and
recurrent thoughts about death or suicide. At the turn of the century, Kraepelin made a fundamental
distinction between endogenous (somatic, physiological, biochemical) and exogenous (reactive)
depressive disorders. Although the boundary between these two conditions may appear rather fuzzy, it
remains that some depressions seem to be reactions to psychological or environmental stressful life
events, whereas others have no obvious psychogenic causes and mightrather be the consequence of sorme
primary biological defect in the brain. Genetic factors are thought to be important. The mode of
transmission isdescribed as multifactorial inheritance because the inherited depressive genotypes would
interact with environmental factors to produce the diseasel6!. DSM IV makes distinctions between
various types of affective disorders. For instance, ma;or depression isdiagnosed when severe symptoms
of depression are present nearly every day for at least two weeks, whereas dysthymia is characterized
by depressive symptoms present for two years but not of sufficient severity and duration to meet the
criteria of a major depressive episcde. It is noteworthy that depression is often associated with other
mental disorders. In bipolar depression, the person experiences manic episodes (elevated mood,
hyperactivity, flight of ideas, megalomania, hyposomnia, ...) that alternate with depressive episodes.
Patients with Alzheimer’s disease, who suffer braindegeneration in some areas such as the hippocampus,
experience loss of memory functions and also often have secondary symptoms of depression in greater
proportion than patients with other afflicting diseases. It is also noteworthy that in most instances there
isa significantdegree of anxiety in depressed patients. Depression may occur secondary to a generalized
anxiety disorder or a panic disorder147, and classical antidepressant drugs are effective against these two
anziety disorders243,:244,

It is important to point out that despite intensive research, the etiological factors leading to
depressicn remain unknown. According to the Cognitive Theory of Depression3?, depressive individu-
alstend todistortevents and draw erroneous conclusions leading to self-blame. Traumatic events during
early youth would be responsible for the development of inadequate attitudes and depression. Other
authors have subsequently linked the conceptof learned helplessness to depression (Cognitive-Learning
Theory)233400, According to this theory, anxiety would be the initial reaction of an individual to
stressful or frustrating situations. In some cases when aversive events are not resolved, individuals might
develop the conviction that they cannot control recurrent stress or that they have no hope to ever obtain
gratification and secondarily adoptdepressive behaviors asmaladaptive defense mechanisms. Similarly,



when animals are exposed to uncontrollable aversive events, such as electric shocks, they typically
develop behavioral deficits. They will fail to escape subsequent electric shocks even though they have
the possibility. Furthermore, their performances in rewarded behavior conditions are consistently
impaired, suggesting that they are afflicted with anhedonia. Memory functions are thought to play a
central role in learned helplessness. The difference between individuals who become depressed and
those who adequately overcome stressful experience mightbe related to theirresilient attitude, orin other
words, with the capacity of their brainto disrupt, disconnect or disengage previously learned associations
if these now lead to an aversive outcomell4,

One brain area of interest in relation to memory functions and depression s the hippocampus. Gray
has provided an impressive review suggesting that this structure is implicated in short-term memory
and could serve the function of acomparator that would compare actual versusexpected stimuli! 7%, This
hippocampal comparator would be particularly useful to detect anxiogenic stimuli and activate
appropriate behaviors in reaction to them!79, There is evidence indicating that the behavioral deficits
of learned helplessness can be prevented by hippocampal lesions 123, In addition, the hippocampus would
be a central site implicated in the negative feedback on the secretion of glucocorticoids released during
stress378, Hypercortisolism has been consistently observed indepressed patients and recent dataindicate
that this might be related to an abnormal feedback mechanism occurring at a central site such as the
hippocampus, rather than at the pituitary*7%, In animal models of depression, chronic stress inhibits fast
glucocorticoid negative feedback and down-regulates glucocorticoid receptors selectively in the
hippocampus?78.

Since the formulation of the indoleamine hypothesis of depression, suggesting that serotonin (5-
HT)isdecreased indepressed patients262, many studies have supported this but did not yield unequivocal
evidence of decreased 5-HT neurotransmission in depressionl13, Here are some findings supporting thut
hypothesis. Selective reduction of hippocampal 5-HT1A receptors has been found in the brain of
depressed patients?2, and high levels of glucocorticoids decrease the density of 5-HT1a receptors in the
rat hippocampus301, Interestingly, activation of 5-HT1A receptors reversed the behavioral deficits of
learned helplessness inrats!76, Furthermore, inhibition of 5-HT synthesis with para-chlorophenylalanine
produced relapse of depression in patients who had responded to antidepressant drugs#05.406, Deakin
has reviewed evidence suggesting that the 5-HT1A neurotransmission of the hippocampus might be
involved in disengaging behaviors that lead to aversive outcomes. According to this hypothesis, the
serotonergic system of the hippocampus mediates tolerance to chronic aversive events. Thereby, an
increase in 5-HT neurotransmission would be a natural antidepressant!14,

The early catecholamine hypothesis of depression proposed that the symptoms of this disease are
linked with adeficiency of noradrenaline (NA) in the brain383, In contrast, other authors have suggested
that NA might actually be increased in depression250:236, An integrated view has also been proposed
whereby, rather than being eitherreduced or enhanced, NA neurotransmission would be dysregulated407,
Similarly to what has been found in animal models of learned helplessness, the basal cutput of NA might
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be decreased in depression due to a diminution of this neurotransmitter in the cytosolic stores%69.
However, this NA depletion would diminish the inhibitory feedback mechanisms controlling, for
instance, NA synthcsis or NA neurons' firing activity. Consequent to this decreased NA autoinhibition,
depressive patients would respond to acute stressors with enhanced noradrenergic activity407. There are
also several lines of evidence indicating that the NA system of the hippocampus would play an important
role in learned helplessness. An up-regulation of -adrenergic receptors confined to the hippocampus
of animals exhibiting behavioral deficits following the leamed helplessness training has been re-
ported?40, and direct injection of an antidepressant drug into the hippocampus prevented these
behavioral deficits?03. Moreover, selective destruction of the noradrenergic fibers of the hippocampus
delayed the reversal of learned helplessness by long-term antidepressant drug treatments#!!, Gray!79
has also reviewed evidence indicating that the NA system, by its arousing and memory-enhancing
functions, would engage the septo-hippocampal system in the processing of anxiogenic stimuli. It is also
importantto pointout that the NA neurotransmission in the hippocampus and circulating glucocorticoids
mutually interact237.238,249,

Perhaps the most convincing evidence indicating that the serotonergic and noradrenergic systems
of the brain are relevant to the therapy of depression is the fact that most clinically effective drugs used
for the treatment of this disease act directly on the synaptic concentration of 5-HT and or NA. The first
drug commercialized in the late 1950’s for the treatment of depression was iproniazid, an inhibitor of
the enzyme monoamine oxidase (MAQ). The concentrations of 5-HT and NA are increased in the brain
by blocking their degradation by MAO. Since this original discovery, many other MAO inhibitors (e.g.,
phenelzine, tranylcypromine, clorgyline, moclobemide, ...) have been shown to be clinically effective
for the treatment of depression. Imipramine was also tested during the same period for its potential as
an antipsychotic drug, but it turned out that imipramine was effective in depression rather than in
schizophrenia. This tricyclic antidepressant drug as well as others of this class (e.g., amitryptiline,
desipramine, chlorimipramine) were shown to share the property of blocking the reuptake of NA and
5-HT with different potencies, and their therapeutic efficacy was thereby thought to be related to the
prolongation of the synaptic action of these neurotransmitters#70, Subsequently, selective inhibitors of
either 5-HT reuptake (e.g., citalopram, fluoxetine, paroxetine) or NA reuptake (e.g., maprotiline,
oxaprotiline, amoxapine) were shown to display antidepressant efficacy as well373:404, Some antide-
pressant drugs were found to act directly at 5-HT or adrenergic receptors. For example, mianserin and
trazodone increase NA output by blocking c2-adrenergic autoreceptors470, Furthermore, antidepressant
drugs of the azapirone family (e.g., buspirone, gepirone) actas partial agonists at the level of the 5-HT1A
receptors367, It is noteworthy that aithough the above effects on the noradrenergic and serotonergic
systems are observed following acute administration, long-term treatments are required for all these
drugs in order to achieve clinical efficacy.

It was proposed thatthere mightbe two types of depressions, known as A and B, linked respectively
with decreases in NA and 5-HT neurotransmission276, In type A depression, patients would have low
pretreatment levels of NA metabolites (e.g. MHPG) and this pararneter would normalize with clinical
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improvement. Furthermore, these patients would have rapid elevation of mood when administereda NA
releaser (amphetamine) and exhibit a good antidepressant response to NA reuptake blockers. On the
other hand, in type B depression, patients would have low pretreatment levels of 5-HT metabolites (e.g.
5-HIAA), a lack of response to amphetamine and a favourable response to 5-HT reuptake blockers.
However, this hypothesis was not supported by clinical findings, and antidepressant agents inhibiting
either 5-HT or NA reuptake are equally effective and are not selective for subtypes of depression?77.

In the next sections, one of my aims is to review the most fundamental elements of serotonergic
and noradrenergic neurotransmissions. Several elements of the 5-HT and NA systems (synthesis,
receptors, second messengers, ...) are discussed here, all being potential targets for antidepressant
treatments. In the second part of this review, the issue of the effects of antidepressant treatments on the
5-HT and NA systems is directly addressed. I have decided to focus mainly on the hippocampus as my
research project is mainly concerned with this area. In the third and last part, [ review data from various
experiments indicating that the 5-HT and NA systems interact extensively in the brain.

2. Basic concepts
2.1. Serotonin and 5-HT recep’ors

Long before its discovery in the brain, physiclogists knew that serotonin (5-hydroxytryptamine,
5-HT) is a vasoconstrictor agent found in serum when blood is allowed to clot!6, The findings that
lysergic acid diethylamide (LSD), a potent hallucinogen, shares structural similarities with 5-HT and
blocks some peripheralresponsesto 5-HT opened an importantchapterinneuropsychopharmacology!55.
Furthermore, the notion that reserpine, a potent tranquilizing drug used at the time, produces a depletion
of 5-HT in the brain sometimes correlating with behavioral “depression” was another important
landmark73. These early studies already suggested that 5-HT could be a neurotransmitter.

This function is now well established, and the principal biochemical steps surrounding the
neuronal synthesis and degradation of 5-HT are known. The limiting precursor of 5-HT synthesis is an
amino acid, tryptophan, which arises primarily from the dietand crosses the blood-brain barrier through
a non-specific carrier for large neutral aminoacids?9, As shown in the figure 1, tryptophan hydroxylase
adds a hydroxyl group at the position 5 of the indole ring of tryptophan to yield S-hydroxytrytophan (5-
HTP). A non-specific enzyme decarboxylates of either tryptophan or 5-HTP which then become
tryptamine or 5-hydroxytryptamine (5-HT), respectively305,

The degradation of 5-HT into its major metabolite S-hydroxyindoleacetic acid (5-HIAA) iscarried
out in the brain through the action of the monoamine oxidase (MAO) and aldehyde dehydrogenase (Fig.
1). Although the MAO present in S-HT neurons is of type B, this enzyme degrades 5-HT only when the
concentration of this neurotransmitter is elevated since MAO B has a very low affinity for 5-HT. In fact,
extraneuronal 5-HT is mostly degraded by the MAO of type A localized in cathecolaminergic
neurons?67:464, However, the removal of 5-HT from the synaptic cleft is affected primarily by its
reuptake into serotonergic terminals via a specific carrier, rather than by the action of MAO A151,
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Most 5-HT-containing neurons are clustered in or near the midline region of the caudal
mesencephalon, the pons and upper brain stem in a region denominated the raphe area!34, The more
caudal groups of the brainstem project mostly to the medulla and the spinal cord. Among the more rostral
groups are the nuclei designated as the dorsal raphe (DR) and the median raphe (MR) that provide
extensive 5-HT innervation of the telencephalon and diencephalon. The fibers of the DR and the MR
course together through the ventral tegmentum and into the medial forebrain bundle before projecting
todifferential sites. The main projections of the DR are the brain cortex, the striatumn, the amygdala, the
nucleus accumbens, the lateral septum and the hypothalamus. The hippocampus receives innervation
from the DR but also from the MR, Apart from the hippocampus, the latter nucleus has important
terminal sites in the frontal cortex, the septum and mesolimbic areas26.98,263,284,437,

There is considerable evidence for heterogeneity in receptor types involved in S-HT
neurotransmission. Remarkable progress has been made these last few years regarding the classification
of 5-HT receptors in the brain. The distinction between 5-HT 1 and 5-HT2 receptors, commonly accepted
since the early 80's, is based on the respective affinities of these receptors for {3H]5-HT and related
agonists (5-HT1 > 5-HT?2) and for certain 5-HT antagonists such as [3H]spiperone (5-HT2 > 5-HT1).
The nature of the transduction mechanisms linked to these receptors is another criterion generally
accepted to differentiate 5-HT receptors. 5-HT1 receptors inhibit adenylate cyclase through Gi proteins
while the 5-HT?2 receptors stimulate phosphoinositide metabolism through Gp proteins196.226,

The 5-HT1 receptor class in the brain has been further subdivided into the 5-HT14, 5-HT1B, 5-
HT1c and 5-HT1D receptors347. The relatively selective ligand 8-OH-DPAT (8-hydroxy-2-[di-N-
propylamino}-tetralin) has been invaluable for the characterization of the 5-HT1A receptor sub-
class188.346, Many agonists such as 5-carboxyamidotryptamine (5-CT) or buspirone, and classical 5-
HT antagonists such as spiperone or LSD, as well as B-adrenergic antagonists such as (-)pindolol or (-
)propanolol, have been shown to display high affinity for this receptor in competition studies.
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Somatodendritic autoreceptors on 5-HT neurons of various species, including humans, are thought to
be of the 5-HT 1A subtype as the high density binding of [3H]8-OH-DPAT in the raphe area is markedly
reduced following lesions of 5-HT neurons222.451.462, In the hippocampus, the binding of [3H]8-OH-
DPAT is also very denge, and these 5-HT 1A receptors would be localized on postsynaptic cells rather
than on 5-HT terminals!88.248451_Extended saturation analysis of [3H]8-OH-DPAT binding in the rat
hippocampus revealed that the ligand would discriminate between high and low affinity states of the 5-
HTA receptor. Further studies suggested that the high affinity site corresponds to a state stabilized with
a regulatory G-protein, whereas the low affinity site corresponds to the uncoupled state of the
receptor313, Cloning and functional expression of the mRNA coding for the 5-HT1A receptor were
realized, and the pharmacological characteristics of the cloned receptor were similar to those found for
the native 5-HT1A receptor of the brain!,

The rat hippocampus has also been shown to be endowed with 5-HTIB receptors using
[3H]dihydroergotamine or (-){125T}iodocyanopindol189.221,308, These radioligands, used in conjunc-
tion with unlabeled adrenergic ligands and 8-OH-DPAT to achieve receptor selectivity, label a single
population of sites189.221, The 5-HT1B receptors resemble 5-HT1A receptors since agonists such as 5-
CT, or antagonists, such as methiothepin, display good affinities for these sites. However, 5-HT1B
receptors are distinguished from the 5-HT1A subtype by their very low affinities for ligands such as
buspirone and spiperone. Functional characterization revealed that terminal autoreceptors regulating 5-
HT release are of the 5-HT1B subtype in the rat brainl31.210,295, However, it appears that most 5-HT1B
binding receptors in regions such as the rat hippocampus are postsynaptic because these sites are either
unaltered or only slightly reduced by selective lesions of 5-HT neurons143:450,

There is no (-)[125I]iodocyanopindol binding in human brains nor in other species such as the
guinea-pig222, Various studies suggest that 5-HT1D rather than 5-HT1B receptors serve terminal
autoreceptor functions in humans and guinea-pigs brains223, The conclusion of these studies lies in the
factthat5-HT1D receptbrs have a pharmacological profile distinctfromthat of 5-HT 1B receptors, mainly
with regard to their affinities for B-adrenergic ligands. It is noteworthy that two types of human 5-HT1D
receptors have been cloned, the 5-HT1Do and the 5-HT1pp. The 5-HT1Dp receptor has a high genomic
sequence homology with the rodent 5-HT18 receptor226:236, Recent studies indicated that mRNAs
coding for the S-HT 1D receptor are present in the rat brain 190 and electrophysiological data sugge: ¢
that 5-HT Do receptors modulate the release of 5-HT in the rat dorsal raphe area352,

Most 5-HT?2 agonists such as a-methyl-5-HT and antagenists such as ritanserin are also acting at
5-HT1c receptors259. Furthermore, 5-HT1c receptors share with S-HT?2 receptors a similar transduction
system and amino acid sequence homology196.220, The Serotonin Club Receptor Nomenclature
Committee has thus recently decided to change the pame of the 5-HT1C to the 5S-HT2C receptor and the
classical 5-HT? to the 5-HT24 receptor226, These two receptors can be distinguished by their relative
affinity for certain antagonists. For instance, small concentrations of [3H]ketanserin or [3H]spiperone

mainly label 5-HT24 receptors and cisapride has a nanomolar range affinity for the 5-HT24 but not for
the 5-HT2¢ receptors269,
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Recently, a third class of 5-HT recognition sites, the 5-HT?3 receptors, has been characterized in
different species and tissues70.364, The 5-HT3 receptor does not have the seven transmembrane domains
linked with G protein transduction system, as is the case for 5-HT| and 5-HT2 receptors, but is rather
a member of the ion channel-gated family, which includes the nicotinic receptors220, Although 2-
methyl-5-HT and phenylbiguanide are prototypic agonists for 5-HT?3 receptors, their affinities for these
receptors are relatively low, but nevertheless comparable to that of 5-HT219, Advances in the
pharmacological characterization of 5-HT?3 receptors are mainly attributable to the development of new
ligands such as ondansetron, tropisetron and zacopride thatare highly pot.nt antagonists at these sites220,
A widespread distribution of binding sites for these ligands is found centrally as well as peripherally.
By using the 5-HT3 antagonist, [3H]GR65630, autoradiographic analysis?47 showed high density of 5-
HT3sites in various regions of the rat brain, such as the hippocampus, the septum and the area postrema.
It is noteworthy that subunits of the 5-HT?3 receptor have been cloned, and the expressed receptor has
pharmacological properties similar to that of the native receptor found in the brain239.288,

The latestreceptor class officially accepted into the 5-HT receptor family is the 5-HT4 subtype?26,
which has recently been cloned!60, Cisapride and 5-methoxytryptamine are agonists with high affinities
for these sites, whereas 2-methyl-5-HT is inactive. Some 5-HT3 receptor antagonists such as tropisetron
and ondansetron are active as antagonist at 5-HT4 receptors, albeit they have a lower affinity at these
sites. In contrast, the 5-HT3 antagonist zacopride acts as an agonist at 5-HT4 receptors219:220, The
complete characterization of binding at 5-HT4 receptors has been done recently using [3HJGR 113808,
and saturation analysis revealed a single site of high affinity in brain areas such as the hippocampus 184,
The highest densities of these receptors are found in the striatum, substantia nigra and olfactory
tubercule!84, Finally, it is noteworthy that other 5-HT receptor subtypes denominated 5-HT1E/1F and
5-HTs/er7 have also been recently proposed based on molecular cloning and pharmacological data66,

2.2. Noradrenaline and adrenoceptors

Noradrenaline (NA; also known as norepinephrine), and its structural analogues adrenaline and
dopamine, belongs to a class of hormones and neurotransmitters known as the catecholamines. The first
proposal of neurohormonal transmission came at the beginning of the century260.268 from experiments
using extracts of adrenal glands containing adrenaline. The early studies of Cannon and coworkers82
reported a substance, released from the liver upon sympathetic nerve stimulation, closely resembling
adrenaline but having different effects on heart vessels. This substance was subsequently identified in
1946 as being NA, and was shown to be released by sympathetic nerve terminals 133, For some years after,
there was controversy concerning whether the presence of NA in the brainreflectcd only the sympathetic
innervation of cerebral blood vessels. This issue was resolved in 1954 by Vogt who showed that NA
distribution in the brain is not uniform and does not coincide with the density of blood vessels found in
any givenbrain region, suggesting rather that NA would serve the function of acentral neurotransmitter?.



Tyrosine is the primary precursor of NA and of all catecholamines of the brain. This amino acid
is the hydroxylated product of phenylalanine that is assimilated through the diet. Before being utilized
by MA neurons, tyrosine is taken up from the bloodstream and actively transported into the brain. The
biochemical steps involved in the transformation of tyrosine into NA are summarized below and

schematized in figure 2.

First, a second hydroxyl group is added by tyrosine'

nydroxylase to the aromatic ring to form the cathecol nucleus
of the molecule that becomes DOPA (3,4-
dihydroxyphenylalanine), the carboxylated precursor of
dopamine. The latter (being itself a neurotransmitter in some
brain regions) is taken up from the cytoplasm into vesicles,
where it then becomes the substrate of dopamine-B-
hydroxylase. This enzyme yields NA by adding a hydroxyl
group on the carbon at the P position of the side chain395,

The major metabolite of NA in the brain is MHPG (3-
methoxy-4-hydroxyphenylglycol). After its depolarization-
evokedrelease, NA istaken up into noradrenergic terminals by
a specific reuptake carrier, where it is then catabolized by the
type A MAO. With the help of an aldehyde reductase, MAO
A catalyzes the formation of an alcohol that is then trans-
formed into DHPG (3,4-dihydroxyphenylglycol). DHPG is
subsequently excreted and becomes the target of the catechol-
O-methyltransferase (COMT) which transfersamethyl group,
taken from S-adenosylmethionine, onto the hydroxyl group
at the meta position of the phenyl ring, thereby yielding
MHPG (Fig. 2)305.

The major cluster of NA-containing neurons that inner-
vates the telencephalon and diencephalonis the locus coeruleus
(LC) nucleus, a structure that lies in the dorsolateral part of the
pontine tegmentum. There is also a large number of NA
neurons that forma more diffuse but continuous group thatlies
throughout the lateral ventrat tegmental field. Apart from the
LC, the dorsal aspect of the tegmental area contains another
group of NA neurons centered in the dorsal motor nucleus of
the vagus263, The axons of these NA neurons are intermingled
into three noradrenergic bundles: 1) The fibers of the dorsal
NA bundle (DNB) originating from the LC innervates the
whole neocortex, hippocampus and amygdala; 2) The ventral
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NA bundle (VNB) collects fibers from many nuclei of the lateral ventral tegmental group as well as some
fibers of the LC, and projects mainly to hypothalamic and mesolimbic structures. In addition, most of
the NA fibers that innervate the spinal cord arise from this bundle; 3) There is finally the periventricular
system (PVS), that originates from the NA neurons centered in the motor nucleus of the vagus, gains
fibers from LC and terminates in the central gray or periventricular areas272,

The actual classification of adrenergicreceptorsinthe central nervous systemrelies on the classical
pharmacology of three major adrenergic agents acting in the periphery: adrenaline, NA and isoproterenol.
Following in vivo and in vitro studies of the metabolic effects of adrenergic agents, Ahlquist proposed
a division of their pharmacological responses into two general classes, termed ot~ and B-adrenergic?. In
the brain, as well as in the periphery, NA is more potent than isoproterenol at a.-adrenoceptors. In
contrast, isoproterenol is more potent than NA at B-adrenoceptors. Since this original definition,
development of more selective ligands allowed further subdivision of the two adrenoceptor families into
four classes that are found in the brain, termed a1, a2, B1 and B2169,

Phenylephrine and clonidine are the agonists typically used to selectively activate ¢t1- and o2~
adrenoceptors, respectively. On the other hand, prazosin and yohimbinc antagonize the action of NA
at these respective receptors. Langer was the first to propose that oui-adrenoceptors mediate the
postsynaptic effects of NA and that o2-adrencceptors serve autoreceptor functions regulating NA
release258, Direct evidence that ai2-adrenoceptors are localized on NA terminals was recently provided
as the binding of [3H]idazoxan, an o2-adrenergic ligand, was decreased in rat brain areas such as the
cortex and the hippocampus after denervation of NA fibers200, However, most of [3H}idazoxan binding
sites appear to be postsynaptic since around 80% of these remained unaffected by the noradrenergic
lesion200, In contrast, the binding of [3H]WB-4101 at oi1-adrenoceptors in the rat cortex was up-
regulated following NA fiberdensrvation, suggesting thatthe latter receptors are exclusively postsynaptic
and become supersensitive following prolonged NA depletion?41,

Advances in the techniques of pharmacology and molecular biology provided a more complex
classification of a-adrenoceptors. The ot1-adrenoceptors have been subdivided into the o.1A subtype,
which has equal affinity for WB4101 and prazosin, and the 1B subtype that has a greater affinity for
prazosin. The latter subtype is also more sensitive to inactivatior. by chlorethylclonidine!93, Using the
selective a.1-adrenoceptor ligand [ 125]JHEAT, in vivo binding also revealed two sites corresponding to
the ot1A and 018 classification!4, In addition, three ot1-adrenoceptors have recently been cloned, but
their characteris': s hardly match those of the above pharmacological subtypes93, There is also ample
evidence of heterogeneity at the level of the o2-adrenoceptors. The ¢i2A and o:2B subtypes differ
regarding their relative affinities for prazosin and oxymetazoline: the 02 subtype has a greater affinity
for oxymetazoline while the c2B subtype has a higher affinity for prazosin165.195442, There s, in
addition, the cx2C subtype thatresembles the a:2B subtype but has a greater affinity ratio of prazosin versus
oxymetazoline, and the 02D subtype that is comparable to the (24 subtype but has a lower affinity for
yohimbine as the main difference. Finally, there are four o2-adrenoceptors that have recently been
cloned that correspond pharmacologically to the native 0:2A, 0028, 0:2C and 02D subtypes195:277.442 [y,
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situ hybridization studies in the rat brain revealed that the LC ara is endowed with 0c2A-adrenoceptors
whereas both 0:2A- and 02C-adrenoceptors are abundant in the hippocampus382,

Many of the pharmacological effects that have been classically attributed to the activation of oc-
adrenoceptors are in fact mediated by imidazoline (I1 and I2) receptors that are insensitive to
NAG67.211,427435 About 30% of [3H]para-aminoclonidine binding in the bovine brain cannot be
dispiaced by NA and would correspond to It receptors!33, Similarly, NA- resistant [3H]idazoxan
binding sites would correspond to I2 receptors2!!. Clonidine has a rather mediocre affinity for
imidazoline sites compared to that for ct2-adrenoceptors?3, In turn, moxonidine and idazoxan are a good
agonistand antagonist, respectively, at the imidazoline receptors, whereas yohimbine is inactive 134211,
A putative neurotransmitter acting at imidazoline receptors has recently been discovered. Agmatine is
an endogenous substance that binds potently to I1 and I2 receptors270, This substance is the product of
the enzymatic decarboxylation of arginine, an important component of the urea cycle, present in the
brain305,

There are also the two B1 and PB2-adrenoceptors. However, the amino acid sequence disparity
between these subtypes is not as great as for ot1- and o:2-adrenoceptors?6L, In the brain, B1 and P2-
adrenergicreceptors can hardly be differentiated in terms of their physiological functions since they both
stimulate adenylate cyclase*6), Nevertheless, autoradiographic studies revealed that these receptors are
differentially regulated by NA fiber denervation, and have distinctdistributionsin the brain309, (-
)-[125T])Iodocyanopindol in the presence of unlabeled 5-HT (to mask 5-HT1B receptors) binds with a
single high affinity site to B1- and B2-adrenoceptors in the hippocarpus. Competition analysis with
drugs selective for B-adrenoceptor suitypes (CI-89406 and CI-118551) revealed that about 70% of B-
adrenoceptors in the hippocampus are of the B1 subtype, the remainder being of the B2 subtype436,

3. Physiology of serotonergic and noradrenergic neurons
3.1. Serotonergic neurons _

The serotonergic innervation of the hippocampus arises from S-HT neurons of the median and
dorsal raphe area (DR and MR)?8, As originally described by Aghajanian and co-workers, most neurons
of this region display a slow and regular firing rate and long-duration, positive action potential. This
firing pattern was shown as being characteristic of 5-HT-containing neurons using different techniques:
combined single cell recording and fluorescence histochemistry, stimulation of the ascending 5-HT
pathway coupled with antidromic recording, and 5-HT denervation*457, The firing activity of 5-HT
neurons is attributed to a pacemaker cycle involving a calcium-dependent potassium current. After an
action potential, S-HT neurons exhibit a large afterhyperpolarization (AHP) that decays slowly during
the interspike interval. Spikes are generated by the termination of the AHP rather than by excitatory
postsynaptic potentials (EPSPs) arising from afferent fibers, These eventscan be explained in molecular
terms: during depolarization, the extracellular calcium enters the cell through voltage-dependent
calcium channels and then activates a transient outward potassium conductance which consequently
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leads to an AHP. Calcium is then extruded and sequestered to allow the decay of the AHP and the
deinactivation of the calcium current. When the membrane voltage finally reaches the threshold for the
activation of voltage-dependent calcium conductances, another action potential is riggeredS,

The firing rate of 5-HT neurons is regulated by autoreceptors of the 5-HT1A subtype localized in
the somatodendritic region. Indeed, microiontophoretic application of 5-HT or 5-HT A agonists (e.g.
5-methoxytryptamine, 8-OH-DPAT, LSD, ipsapirone, gepirone) onto dorsal raphe 5-HT neurons
depresses their firing activity, and this suppressant effect is antagonized by intravenous spiperone or by
microiontophoretically applied (-)-propranolol51,61,64.275368412 The reduction of 5-HT neurons'
discharges induced by 5-HT1A receptoractivation is mediated by an hyperpolarization of the membrane
occurring through an opening of potassium channels3-413:466, Pertusis toxin inactivation of Gi/oproteins
markedly reduces the suppressant effect of 5-HT1A agonists60.228, However, in vitro application or
intracellular injection of cAMP analogues do not reduce this response228, It thus appears that 5-HT
autoreceptors activate G proteins which can directly open potassium channels without any involvement
of adenylate cyclase.

Microdialysis and voltammetry studies have shown that the activation of 5-HT1A autoreceptors
in the raphe area decreases the release of 5S-HT at the level of terminals in the hippocampus63:401, It thus
appears that changes in the firing rate of 5-HT neurons induced by drugs acting at 5-HT1A autoreceptors
can alter the level of activation of postsynaptic 5-HT receptors in the brain. However, it is still not clear
to what extent physiological variations in raphe cell firing can alter the release of 5-HT at postsynaptic
sites. In any case, the firing activity of S-HT neurons appears quite stable during the aroused period and
the only major changes are those associated with the sleep-wake cycle233, During REM sleep 5-HT
neurons are silent, whereas during awakening these neurons discharge atrates of about 3 Hz during quiet
periods and of about 6 Hz during arousal440, It is noteworthy, however, that various environmental
stimuli or stressors do not change the discharge rate of 5-HT neurons when compared to the undisturbed
active waking baseline465,

3.2. Noradrenegic neurons

The hippocampus is innervated by NA terminals originating exclusively from the locus coeruleus
(LC)191,241_ Similarly to 5-HT neurons in raphe nuclei, NA neurons in the LC have been shown to
display a slow, tonic pacemaker activity with long-duration action potentials!?7. This spontaneous
activity appears intrinsic to NA neurons because it is still present in dissociated LC NA neurons in
culture?92, A scheme of a pacemaker cycle of action potentials involving calcium-activated potassium
conductances, similar to the one depicted above for 5S-HT neurons, can explain some aspects of NA
neurons' physiology. However, this pacemaker activity also shows a dependence on cAMP and protein
kinase A. Extracellular agents that increase cAMP levels enhanced the firing rate of LC neurons#39, In
addition, LC NA neurons in vifro show a time-dependent decrease of their spontaneous firing activity
that can be counteracted with intracellular infusion of cAMP, 8-Br-cAMP, or with the catalytic subunit
of cAMP-dependent protein kinase, and this effect is accentuated with a specific inhibitor of this
enzymel3,
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The firing activity of LC NA neurons is regulated by somatodendritic autoreceptors of the o2~
adrenergic subtype. Indeed, intravenous administration or microiontophoretic application of clonidine
inhibits the firing activity of these NA neurons, and this effect is blocked by xx2-adrenergic antagonists
such as yohimbine83.291,431 Elevated synaptic levels of endogenous NA, achieved through the blockade
of NA reuptake carriers with desipramine, or microiontophoretic application of NA also produce an
inhibition of firing of LC NA neurons that is blocked by the 0:2-adrenergic antagonist idazoxan105,
Activation of the somatodendritic NA autoreceptors by endogenous NA is further demonstrated by the
factthatsmall intravenous doses of o2-adrenergic antagonists increase, by themselves, the discharge rate
of NA neurons291.

There is little doubt that ar2-adrenergic receptors in the LC decrease the firing rate of NA neurons
primarily via an increase in potassium conductance. Agonists at o2-adrenergic receptors produce a
hyperpolarization of these neurons whose reversal potential is predicted by the Nemst equation for a
potassium-dependent change in permeability!9467, At high concentrations, NA can also decrease
calciumcurrents. However this effect is not mimicked by clonidine nor prevented by yohimbine468, thus
excluding aprimary involvementof calciumconductance inthe mediation of ai2-adrenergic autoinhibition
at this level. Somatodendritic ¢r2-adrenergic autoreceptors might increase the potassium conductance
through an inhibition of adenylate cyclase. Inactivation of Gi/o proteins with pertussis toxin was shown
to almost totally abolish the effect of clonidine at these receptors’. Furthermore, intracellular injection
of cAMP analogues reversed 0:2-adrenoceptor-mediated hyperpolarizationl9, Elevation of cAMP
concentrations increased the firing rate and produced an inward current in LC NA neurons8. However,
this inward current was not simply the opposite of the outward potassium current elicited by o2-
adrenergic agonists since it was not reversed in the region of potassium reversal potential8. According
to Aghajanian and Wang8, o2-adrenergic agonists would have a dual action. Through a direct action of
the G protein transduction system, they would open potassium channels without involving cAMP.
Secondly, a2-adrenergic agonists would induce a G protein-mediated inhibition of adenylate cyclase,
that, in turn, inactivates a cAMP-dependent inward current. These two phenomena would act in concert
to produce the or2-adrenergic-mediated hyperpolarization of I.C NA neurons.

The discharge rate of LC NA neurons during the sleep-wake cycle is comparable to that discussed
above for 5-HT neurons of raphe nuclei (i.e., being highest during waking states, lowest during deep
sleep and virtually silent during REM sleep)?4. Contrary to 5-HT neurons, LC NA neurons increase
markedly their firing activity in response to noxious, stressful, or anxiogenic stimuli231,361.362, At the
postsynaptic level, a stress stimulus and the directelectrical stimulation of the LC areareduce the activity
of hippocampalneurons398 and increase the extracellularconcentration of NA in the hippocampus2-245.330,

It is difficult to determine with classical pharmacological tools how changes in the firing rate of
LC neurons can affect the release of NA in the hippocampus since both somatodendritic and terminal
autoreceptors are of the a2-adrenergic subtype. Nevertheless, the release of NA per pulse in the
hippocampus was shown to be inversely related to the frequency of the stimulation of the NA pathway
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arising from the LC!04, This result suggests that in the situation of high neuronal discharge, terminal
autoreceptors decrease the amount of NA released per action potential. Thereby, in vivo administration
of ar2-adrenergic agonists could decrease the release of NA in the hippocampus by acting mainly at
terminals, rather than at somatodendritic autoreceptors. Here is the evidence supporting this contention.
First, intraperitoneal injection of clonidine or idazoxan modulates NA turnover in brain terminal areas
equally well in rats that had LC inactivation with tetrodotoxin as in intact rats106. Second, low doses of
the alkylating agent EEDQ (N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline) antagonize the effect
of clonidine on the terminal NA turnover, while not affecting the inhibitory effect of this drug on the
firing rate of the LC NA neurons!30,

4. Distribution of 5-HT and NA innervations of the hippocampus

The 5-HT and NA systems are known to course along three common bundles of fibers to reach
the hippocampus: the fimbria-fornix, the fasciculus cinguli, and the amygdaloid pathway. All NA fibers
of these bundles arise from the LC areal?1,241, In contrast, 5-HT fibers of the hippocampus originate
from distinct raphe nuclei. Neurons of the MR project to the hippocampus via the fasciculus cinguli and
the fimbria-fornix, whereas those of the DR project to the hippocampus via the amygdaloid path-
way26437 MR and DR 5-HT fibersexhibit readily recognizable morphological differences. Serotonergic
axons of the MR are relatively coarse with large spherical varicosities (enlargements of aggregated
synaptic vesicles containing 5-HT). In contrast, axons from the DR are very fine and have small
varicosities of various forms232.284,

The fimbria-fornix contributes to the NA arborization of CA3 stratum lucidum (at the apical side
of the pyramidal cell layer) and to the polymorph layer of the dentate gyrus (fig. 3)191:335, On the other
hand, 5-HT fibers carried by the latter bundle arborize to the stratum lacunosum-moleculare of CA1 and
the stratum radiatum of CA326 as well as to the molecular and the polymorph layer of the dentate gyrus.
The fasciculus cinguli distributes its NA and 5-HT fibers to the molecular layers of the dentate gyrus,
the subiculumand the Ammon s horn191:314, The amygdaloid bundle distributes adense NA innervation
in the whole hippocampal formation, but sends S-HT fibers mainly to the molecular layer of the dentate
gyrus26.80, |

Physiological interactions between the 5-HT and NA systems require a relative proximity of the
terminals that release these neurotransmitters. It is of interest here to compare the relative distribution
of these fibers in various layers of the hippocampal formation. Oleskevich and co-workers have recently
quantified the distribution of NA and 5-HT fibers in the rat hippocampus using [3H]NA and [3H]5-HT
uptake-labeling of axonal varicosities334,335, They found these varicosities to be prominentin all regions
of the hippocampus, suggesting multiple sites forinteractions between the 5-HT and NA systems (Fig.3).
A dense labeling of both [3H]NA and [3H]5-HT is found in the apical layers (molecular and radiatum)
of all regions (subiculum, Ammon’s horn and dentate gyrus), except for the stratum lucidum of
Ammon’s horn that receives a large amount of NA but not of 5-HT varicosities. In addition, these
neurotransmitrer systems largely innervate the polymorph layer of the subiculum, whereas the stratum
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Fig. 3. NA and 5-HT innervations of the hippocampus, SUB, subiculum; CA1, CA3-s and CA3-b, respective Ammon's
horn sectors; DG-mb, DG-¢ and DG-1b, medial biade, crest and lateral blade of the dentate gyrus. The various
layers in each region are designated alongside their respective counting windows by the following abbreviations:
pyT, stratum pyramidaie; mol, stratum moleculare; or, stratum oriens; luc, stratum mcidum; rad, stratum radiatom;
Imol, stratum pyramidale; niol, stratum moleculare; or, stratum oriens; luc, stratum lucidum; rad, stratum radiatum;
Irzol, stratum Iacunosum-moiecuiare; g, granule cell layer; pm, polymorph cell layer (courtesy of L. Descarries).
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oriens is an area enriched with 5-HT varicosities. In contrast, there is only sparse NA and 5-HT
innervation in the pyramidal and granular cell layers and in the alveus of Ammon’s horn.

The relative density of varicosities containing NA compared with those containing 5-HT in
different layers of the hippocampal formation was estimated from the work of Oleskevich and co-
workers334.335(fig, 3). At the ‘.vel of the apical projections of pyramidal and granular cells (stratumn
moleculare and radiatum), the ratio of 5-HT/NA varicosities is almost two. This ratio is even greater
(almost four) at the level of the stratum oriens of Ammon’s horn. In contrast, there are slightly more NA
varicosities in the region of the pyramidal cell layers of CA3, as well as in the granular and polymorph
layers of the dentate gyrus. Finally, the ratio of 5-HT/NA terminals in the pyramidal layers of the CA1
and of the subiculurn is similar to that found at the level of the molecular layers.

5. Serotonergic neurotransiission in the hippocampus
5.1. Presynaptic mechanisms

Contrary to somatodendritic autoreceptors of the raphe area, terminal 5-HT autoreceptors of the
hippocampus are not of the 5-HT1A subtype, and control the release of 5-HT without interfering with
the propagation of action potentials#23, In vitro characterization using rat hippocampal slices preloaded
with [3H]5-HT, revealed that these autoreceptors are of the S-HT1B subtype!40, For instance, 5-CT
potently decreases the evoked release of [3H]5-HT, and this effect is blocked by methiothepin,
metergoline and cyanopindolol. In contrast, 3-OH-DPAT is much less potent at inhibiting the release
of 5-HT, and this inhibition is not blocked by spiperone 140, Methiothepin increases by itself the evoked
release of [3H]S-HT from preloaded hippocampal slices140218,343,456 whereas metergoline doesitonly
in the presence of a 5-HT reuptake blocker!40, and -adrenergic antagonists such as cyanopindolol and
propranolol act as partial agonists at 5-HT1B autoreceptors140:296, The role of these hippocampal
autoreceptors on 5-HT terminals has also been investigated in vivo, Electrical stimulation of the 5-HT
pathway suppresses the firing activity of pyramidal neurons by releasing synaptic 5-HT4849, The
effectiveness of the stimulation is decreased by the administration of RU 24969, a 5-HT1A/1B agonist,
and this effect is blocked by methiothepin, but not by a 5-HT1A antagonist, BMY 737886.88,
Furthermore, a microdialysis study revealed that local application of the specific 5-HT1B agonist CP-
93,129 decreases the hippocampal output of endogenous 5-HT and that this effect is also blocked by
methiothepin?13,

Terminal 5-HT autoreceptors in species other than rodents are of the 5-HT1p subtype. Human
and guinea-pig hippocampi are endowed with 5-HT1D rather than 5-HT1B receptors222, but there are
no data indicating that terminal autoreceptors in the hippocampus of these later species are also of the
3-HTD subtype. Nonetheless, in vitro superfusion experiments have been carried out using human or
guinea-pig neocortical slices158,307, In both cases, 5-CT decreased the release of [3H]5-HT. These
inhibiting effects were blocked by the 5-HT1B/1D antagonist methiothepin, but not by the 5-HT18
antagonist cyanopindolol 158,307,
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Most authors agree that terminal 5-HT autoreceptors decrease the release of 5-HT by reducing the
calcium influx via voltage-dependent calcium channels$23, Three series of findings support this
contention: 1) The effectiveness of the activation of terminal 5-HT autoreceptors is less pronounced the
higher the calcium concentration in the superfusion medium!73; 2) The calcium-independent release of
[3H]5-HT by fenfluramine is not modulated by ligands acting at terminat 5-HT autoreceptors259; 3)
Voltage-sensitive calcium channel agonists (dihydropyridines) concentration-dependently enhance
potassiumevokedrelease of [3H]5-HT 141, 1tis not clear, however, what are the molecular steps involved
in the transduction of the autoinhibitory 5-HT signal that lead to a change in calcium influx into 5-HT
terminals. Although the activation of protein kinase C was found to enhance the release of [3H}5-HT
from hippocampal slices, it did not alter the effect of 5-HT agonists and antagonists acting at terminal
autoreceptors!38, There is one report indicating that the inhibitory effect of LSD on the release of 5-HT
is abolished in slices preincubated 4 hours with the Gifo proteins ribosylating agent pertussis toxin,
suggesting that terminal 5-HT autoreceptors are linked with these G proteins343, However, the lack of
effect of this pretreatment on the facilitatory effect of methiothepin343 does not fit with this hypothesis.
Furthermore, subsequent studies revealed no changes in the function of terminal 5-HT autoreceptors
following in vivo inactivation of either Gijo or Gs with pertussis or cholera toxin, respectively, and
following in vitro inactivation of G proteins with N-ethylmaleimide#1.60,

Evidence was recently provided for 5-HT?3 receptors having an opposite role on the release of 5-
HT compared to the 5-HT1B/1D autoreceptors. Indeed, these receptors would exert a positive feedback
on the release of 5-HT43.2%0, The selective 5-HT3 agonist 2-methyl-5-HT and elevated levels of
endogenous 5-HT (achieved through the blockade of the 5-HT reuptake carrier) increase the evoked
release of [3H]S-HT from preloaded guinea pig hippocampal slices, effects that are blocked by various
5-HT3 antagonists#3. A microdialysis study revealed similar phenomena in the rat hippocampus290,
These 5-HT3 receptors do not appear to be tonically activated since the 5-HT3 antagonist MDL 7222
does not decrease by itself the release of [3H]S-HT in vitro, nor that of endogenous 5-HT in vivg43:290,
Much research is needed to determine the mechanisms involved in the facilitatory action of 5-HT3
receptors on the release of [3H]S5-HT since the cellular localization of these receptors is noteven known.
A direct action of 5-HT?3 agonists at receptors on 5-HT terminals was ruled out by the finding that these
ligands fail to enhance the release of [3H]S-HT in experiments using nerve endings (Synaptosomes) or

using slices that had nerve influx propagation blocked by the inactivation of the sodium channels with
tetrodotoxin62,

5.2. Postsynaptic mechanisms
5.2.1. Single-unit studies

Early in vivo electrophysiological studies revealed that microiontophoretic upplication of 5-HT
onto neurons of the hippocampus produces predominantly inhibitory effects, but also sometimes
excitatory effects. At the time of these early investigations, only the excitatory effect was known to be
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blocked by classical 5-HT antagonists such as methysergide!87.366, More recent in vivo studies have
shown that the inhibitory effect of 5-HT on the firing rate of pyramidal neurons of hippocampus is
blocked by the 5-HTiaA antagonist BMY 7378, but not by the 5-HT2 antagonist ketanserin®1.87,
Furthermore, selective ligands of 5-HT 1A receptors such as 8-OH-DPAT, gepirone or tandospirone act
as partial agonists at these receptors. When applied by microiontophoresis, these ligands display
suppressanteffects on the firing rate of pyramidal neurons, but also antagonize the effectof 5-HT applied
concomitantly53:61.87,166, There are apparently two subsets of postsynaptic 5-HT1A receptors in the
hippocampus differentially coupled to G proteins that suppress pyramidal cell firing. Indeed, the
extrasynaptic 5-HT1A receptors localized on the soma of pyramidal cells, which can be activated by
microiontophoretic application of agonists, are inactivated by pertussis toxin0. On the other hand,
intrasynaptic 5-HT1A receptors localized on dendrites of pyramidal cells and activated by endogenous
5-HT released by the electrical stimulation of the ascending 5-HT pathway are unaffected by pertussis
toxin60. It thus appears that extrasynaptic 5-HT1A receptors are coupled with Gi/o proteins while
intrasynaptic 5-HT1A receptors are not.

In vitro intracellular recordings have revealed that the most prominent effect of 5-HT on
hippocampal pyramidal neurons is a membrane hyperpolarization associated with an increase in
potassium conductance97-234.395 This response most likely constitutes the membrane mechanism
underlying the suppressant effect of 5-HT on the firing rate of pyramidal neurons. First, the opening of
this potassium channel by 5-HT was shown to be mediated by 5-HT1A receptors as it is blocked, for
instance, by 8-OH-DPAT and spiperone and mimicked with a lesser efficacy by 8-OH-DPAT21.96.369,
Second, the ability of S-HT1A receptors to hyperpolarize pyramidal neurons is prevented by pertussis
toxin. Finally, intracellular injection of GTPYS, a non-hydrolyzable analogue of GTP, produces a
persistent hyperpolarization and prevents the effect of 5-HT, showing an involvement of Gi/o proteins
in this electrophysiological response18:481,

Superfusion of 5-HT was also shown to inhibit cAMP formation from hippocampal membranes
in which adenylate cyclase was activated by forskolin in the presence or absence of vasoactive intestinal
peptide!13.122, The 5-HTA ligand 8-OH-DPAT is a full agonist in this paradigm, whereas spiperone
is an antagonist!13.122, Interestingly, the activation of 5-HT1A receptors was also shown to stimulate
the production cAMP in hippocampal membranes302, a result consistent with the electrophysiologicat
data discussed above, indicating that there might be two subsets of 5-HT1A receptors in this brain area
coupled to either Gi or Gs proteins. It is important to emphasize, however, that the G protein-coupled
5-HT1A receptors that mediate the hyperpolarization of pyramidal neurons activate potassium channels
without involving the stimulation or the inhibition of adenylate cyclase. Indeed, intracellular injections
of forskolin or 8-Br-cAMP did not hyperpolarize pyramidal neurons. Moreover, buffering intracellular
CAMP with 8-Br-cAMP failed to blunt the hyperpolarization effect of 5-HT!8, Tt... exact functions of
these 5-HT1A-mediated modulations of adenylate cyclase in 5-HT neurotransmission remain unknown.

In addition to its hyperpolarizating action, 5-HT elicits on hippocampal neurons late excitations
that are not mediated by 5-HT1A receptors21:97, Suppression of two types of potassium conductances
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would be involved in these effects of 5-HT: first, a suppression of a slowly developing calcium-
dependent potassium current (InHP) would be responsible for the accommodation of cell firing
frequency (the length of the AHPisreduced by 5-HT via the suppression of this current and consequently
leads to increased neuronal discharges in response to depolarizaiion inputs), and, second, an even more
slowly developing and long-lasting suppression of a voltage-dependent potassium currents (Im) that
produces neuronal depolarizations and excitations21.97, In pyramidal neurons of guinea pig and rat
cortex, for instance, these responses have been attributed to the activation of 5-HT?2 receptorsl67,
However, Andrade and Nicoll2! have shown that 5-HT-induced suppressions of either Im or IAHP in
hippocampal pyramidal neurons are not blocked by ketanserin, thus excluding any involvement of 5-
HT?2 receptors in this brain area. Subsequent studies suggested that the suppression of potassium
conductances by 5-HT are mediated by 5-HT4 receptors since they are blocked by the 5-HT3/4 agents
BRL 24924, zacopride and cisapride, and mimicked by the 5-HT 174 agonists 5S-methoxytryptamine and
5-CT, butnot by the 5-HT3 agonist 2-methyl-5-HT20:85, Interestingly, S-HT4 receptors have been found
to be positively coupled toadenylate cyclase systemin the guinea pig hippocampus120:121.402 However,
further studies are awaited to establish whether the above electrophysiological effects are mediated
through this second messenger system.

In the presence of spiperone (which blocks the 5-HT1A and 5-HT2A receptors), a fast excitatory
response of pyramidal cells to 5-HT was also observed, in addition to the late excitatory response
described above. The former response to 5-HT was mimicked by the 5-HT24/C receptor agonist DOI,
and antagonized by the 5-HT2a/2¢ ligand ketanserin, suggesting the involvementof 5-HT2¢ receptors36,
It was concluded that 5-HT can increase the subthreshold excitatory postsynaptic potential (EPSP)
amplitude to initiate spike firing via these receptors. However, the exact nature of the ion channels
involved is unknown36,

Serotonin mediates depolarization in a variety of tissues by the opening of 5-HT3 receptor-
channels that have mixed permeability to sodium and potassium330:474, In cultured embryonic mouse
hippocampal cells, 5-HT and 2-methyl-5-HT induce large inward currents that are short lasting and of
rapid onset, and these responses are blocked by the 5-HT3 antagonist tropisetron??S. A major
characteristic of the 5-HT3 receptor-channels is that they rapidly desensitize following prolonged 5-HT
application. Moreover, the function of these 5-HT3 receptors appears to be regulated by the adenylate
cyclase systemn since the rate of desensitization was found accelerated by the perfusion of forskolin,
phosphodiesterase inhibitors, cAMP analogues or cholera toxin475,

Itisimportant to note that 5-HT3-receptor-mediated membrane depolarizations were observed on
a heterogeneous population of hippocampal cells?75, but not at the level of hippocampus pyramidal
cells21.97, Recent evidence suggests that the activation of 5-HT3 receptors excites GABAergic
interneurons which would in turn inhibit the firing activity of pyramidal neurons through GABAA
receptors. Anatomical studies revealed synaptic contacts between 5-HT terminals and GABAergic
interneurons of the hippocampus!33, Furthermore, 5-HT and 2-methyl-5-HT increase inhibitory

synaptic inputs and these effects are blocked by tropisetron as well as by the GABAA antagonist
bicuculline370,
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5.2.2. Multi-unit studies

Serotonergic neurotransmission was also investigated electrophysiologically in the hippocampus
with the technique of field potential recording, which allows the determination of the firing activity of
a population of neurons (population spike). The effect of 5-HT on field potential is a composite of two
responses mediated by at least two distinct 5-HT receptors. Bath application of 5-HT produces an initial
increase followed by adecrease in the amplitude of the CA1 population spike evoked by the stimulation
of the stratum radiatum38.372, The suppressing effect of 5-HT appears to be of the 5-HT1A subtype as
it was mimicked by 8-OH-DPAT and blocked by spiperone, but not by ketanserin37, Furthermore, the
CA\ population spike evoked by the stirnulation of the Schaffer collaterals was also reduced by 8-OH-
DPAT and buspirone348.

This inhibitory effect of 5-HT1A agonists might be explained by the hyperpolarization of
pyramidal neurons that we have reviewed in the preceding section. Consistently, the decrease in
population spike amplitude induced by 5S-HT was also blocked by the inactivation of Gi/o proteins with
pertussis toxin94. The excitatory effect of 5-HT, however, cannot be explained by the 5-HT4-receptor-
mediated decrease in the potassium conductance, characterized by Andrade and Chaput20, since in
contrast to the 5-HT blockade of afterhyperpolarization, the 5-HT-induced enhancement in population
spike amplitude has a rapid onset38,372, This excitatory response of 5-HT would best be explained by
the 5-HT2c receptors that increase a subthreshold cationic conductance36 (see the preceding section).

Interestingly, 5-HT was also shown to inhibit the induction of prolonged enhancements in the
excitability of hippocampus pyramidal neurons. High frequency stimulation of mostexcitatory synapses
of the hippocampus lead to long-term potentiation (LTP) of synaptic transmission. Subsequent
stimulations of these excitatory pathways typically produce populatioa spikes of greater amplitude, a
phenomenon thought to be of relevance to memory processesi26, Many studies have indicated that kigh
frequency stimulation of excitatory pathways depolarizes the membrane of postsynaptic neurons
through the activation of glutamate receptors (kainate/quisqualate), which then allows the activation of
voltage-sensitive glutamate receptors, the NMDA receptor-channels. These channels permit influx of
calcium into the cell, that, in turn, triggers second messenger events, such as the activation of protein
kinase, thought to be crucial for the production of LTP76, Production of LTP by high frequency
stimulation of either the commisural pathway projecting to the CA3 region or of the stratum radiatum
in the CA1 region were shown to be blocked by bath superfusion of 5-HT!00.454, The blockade of LTP
by 5-HT could involve a hyperpolarization of pyramidal neurons through 5-HT1A receptors as this effect
is blocked by methysergide or by spiperone and mimicked by 5-CT100,454, The suppressant effect of
5-HT on LTP in the CA1 region seems to involve also 5-HT3 receptors because this response is blocked
by tropisetron and ondansetron!%0, It was suggested that 5-HT?3 receptors that reside on the GABAergic
interneurons and mediate inhibition of the firing activity of pyramidal neurons379 could be implicated
in the suppression of LTP by 5-HT100,
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6. Noradrenergic neurotransmission in the hippocampus
6.1. Presynaptic mechanisms

Noradrenergic fibers of the hippocampus are endowed with a2-adrenergic autoreceptors that
control the amount of NA released from terminals, but not the propagation of action potentials or the
synthesis of NA as do their somatodendritic counterparts422, Nllustrating the inhibitory effect of
presynaptic 0:2-adrenoceptors, nanomolar concentrations of NA or clonidine decrease the electrically-
or potassium-evoked release of [3H]NA from preloaded slices of rat and rabbit hippocampus, and these
effects are blocked by yohimbine, In contrast, the at1-adrenergic agonist phenylephrine produces a
similar inhibiting effect only at micromolar concentrations, and the latter effect is not blocked by the
o1-adrenergic antagonist prazosin. Furthermore, yohimbine, but not prazosin, increases by itself the
evoked release of [3H]NA in the hippocampus149:230, However, ai2-adrenergic antagonists are without
any effect in conditions where there is no autoinhibition of NA release!l. In vivo electrical stimulation
of the ascending NA pathway of the locus coeruleus has also been shown to suppress the firing activity
of hippocampal pyramidal neurons!04, The effectiveness of the stimulatioi is decreased by clonidine,
increased by idazoxan, and inversely proportional to the frequency of stimulation, confirming that the
receptors mediating these effects are terminal 0:2-adrenergic autoreceptors!04, Recently, more precise
pharmacologicai characterization revealed that terminal autoreceptors are of the (2D subtype in the rat
and of the 02A subtype in the rabbit#38, Additional characterization of receptors on NA terminals of
hippocampus will be required to determine whether imidazoline receptors are implicated in the
inhibition of the release of NA by agents such as clonidine and oxymetazoline, as was found to be the
case at the level of postganglionic sympathetic nerve endings!73.

There are still controversies about the exact molecular mechanisms involved in the inhibition of
NA release by presynaptic o:2-adrenoceptors in the central nervous system. Pertussis toxin and N-
ethylmaleimide, two toxins that inactivate Gi/o proteins, reduce the modulatory effects of clonidine and
yohimbine on the release of [3SH]NA in rabbit hippocampal slices!213. Although the issue has not been
investigated yet in hippocampus, an analog of cAMP (8-bromo-cAMP) and activators of adenylate
cyclase (NaF or forskolin) were shown to increase the release of [3H]NA and reduce the modulating
effect of o2-adrenergic agonists and antagonists in rat hypothalamus and cerebral cortex339.389, In
contrast, activation of protein kinase C with phorbol esters increases the release of [3H]NA, but does
not change the effect of yohimbine208, These results suggest that terminal autoreceptors reduce the
release of NA through the Gi protein-mediated inhibition of adenylate cyclase. This interpretation has
to be taken with caution, however, considering that divergent results were reported with forskolin289
and that some authors estimate the magnitude of the effect of pertussis toxin on terminal autoreceptor
function as being weak compared to what is observed at the level of postsynaptic 0:2-adrenoceptors329,

The primary ion conductance affected by terminal ¢2-adrenergic autoreceptors is also a matter of
debate. As has been observed for somatodendritic or2-adrenergic autoreceptors, terminal autoreceptors
could increase a potaséium conductance, hyperpolarize the axons, and thereby decrease the influx of
calcium through voltage-dependent calcium channels. In support of this view, the inhibitory effect of
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this c2-adrenergic-mediated hyperpolarization is prevented when a very high concentration of
potassium isusedtoevoke [3H]NA release in rathippocampal synaptomes9:422, Furthermore, the effect
of clonidine in rat hippocampal slices is distinctly diminished in the presence of a potassium channel
blocker (TEA)14. However, the effect of this o:2-adrenergic agonist is restored, in either case, when the
concentration of calcium is lowered, suggesting the primary involvement of calcium ions14:422, The
participation of a voltage-sensitive calcium channel is not obvious, however, since a2-adrenoceptors
still mediate an inhibition of [3H]NA release from preloaded slices of hippocampus in absence of
extracellularcalciu. .”2, Nevertheless, rutheniumred, which blocks the entry of calciuminto intracellular
stores, decreases the effect of clonidine. Based on these results, Jackisch and co-workers?2? suggested
that the inhibition of adenylate cyclase by o:2-adrenergic autoreceptors decreases cytoplasmic calcium
affecting NA release by primarily acting on the intracellular pool of calcium.

6.2. Postsynaptic mechanisms
6.2.1. Single-unit studies

Both excitatory and inhibitory effects of the application of NA on the firing rate of pyramidal
neurons of hippocampus have been reported102.287,318,319,342 The most prominent in vivo action of
pressure ejected NA on pyramidal neurons is a suppression of firing which is readily blocked by the o1~
adrenergic antagonist prazosin, but not by the or2-adrenergic antagonist rauwolscin342, In contrast, the
suppression of firing activity induced by microiontophoretic applicaton of NA is weakly blocked by
prazosin, but almost completely blocked by the 0:2-adrenergic antagonists idazoxan and piperoxan103,
The aboveresults suggested the existence of twodistinct ot-adrenoceptors mediating the inhibitory effect
of NA. A differential role of these receptors has subsequently been suggested by Curet and de
Montigny!03 whoused the technique of electrical stimulation of the ascending NA pathway arising from
the LC coupled with orthodromic recording of CA3 pyramidal neurons, Following LC stimulation,
synaptically released NA produces a suppressing effect on the firing rate of pyramidal neurons of
hippocampus397 that is blocked by prazosin, but not by idazoxan102, It was thereby concluded that
postsynaptic 0.1-adrenoceptors are localized intrasynaptically since they directly respond to synaptically
released NA from terminals. In microiontophoresis studies, diffusion of NA through the glass
micropipette would rather activate postsynaptic oi2-adrenoceptors localized extrasynaptically.

Electrical simulation of the L.C ascending pathway, similarly to pressure ejection of NA, was
shown to produce a period of activation that follows the inhibition of the firing rate102.319, This
excitatory effect of NA on the activity of hippocampal pyramidal neurons was shown to be mediated
by B-adrenoceptors since it was blocked by antagonists such as propanolot!102.319, The mechanism
involved in the excitation of hippocampal pyramidal neurons by B-adrenoceptors is well established. it
implicates the calcium-sensitive voltage-independent potassium current (IAHP) which is implicated in
the accommodation of spike firing. By inactivating the channels mediating this potassium current, NA
decreases the hyperpolarization that occurs after an action potential and thereby facilitates the generation
of new spikes!85.279, The receptors mediating the blockade of IAHP by NA were shown to be of the B1-
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adrenergic subtype as the effect of NA was blocked by the antagonist atenolol and mimicked by the
agonist dobutamine28!, In addition, the second messenger mediating the depolarization and the increase
in the firing activity of pyramidal neurons was identified as cAMP since this molecule as well as agents
thatincrease its intracellular availability (forskolin and phosphodiesterase inhibitor) produce excitatory
effects similar to those of NA280,

In comparison, there are few intracellular studies that have indicated an action of o-adrenoceptors
atthe level of pyramidal neurons of the hippocampus. A small hyperpolarization of these cells, preceding
the B-adrenergic depolarization, can be induced by NA261,281, Madison and Nicoll28! assumed this
hyperpolarization to be mediated by ¢-adrenoceptors although they admitted that the characterization
of thistesponse was problematic. Furthermore, Segal3%?indicated that neither clonidine nor phenylephrine
exerted any marked hyperpolarizing action at the level of pyramidal neurons of the hippocampus.

The interactions between the membrane hyperpolarization and the Pi-adrenoceptor-mediated
blockade of IAHP contribute to a prominent function of NA action in the brain, i.e., the modulation of
the signal-to-noise ratio. This function of the NA system is illustrated by the following intracellular
experiment performed on hippocampal neurons (see fig. 4)281, In a control condition, a brief electrical
stimulation of a pyramidal cell was adjusted to a level just above the threshold to elicit a single action
potential. A second longer electrical stimulation was carried out to elicit several action potentials with
the usual accommodation of firing rate due to the activation of the calcium-dependent potassium current
(Tanp). Application of NA to a pyramidal cell reduced its IAHp-mediated accommedation and allowed
the cell to fire action potentials throughout the period of the longer electrical stimulation. However, the
concomitant hyperpolarizing action of NA blocked the ability of the brief electrical stimulation to elicit
a single action potential. It thus appears that NA can suppress responses of pyramidal neurons to noise,
i.e. stimuli near the action potential threshold, while at the same time increasing responses to significant
signals, i.e. larger stimuli281,

6.2.2. Multi-unit studies

When the action of NA was studied at the level of a population of neurons of the CA1 region of
the hippocampus, using the technique of field potential recording, biphasic effects were observed, in
keeping with the data derived from single unit studies reviewed above. On the one hand, low

control noradrenaline wash
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Fig. 4. Experiment illustrating the modulation of the signal-to-noise ratio by NA

(modified from Nicoll et al., Psychopharmacology: The third generation of progress, ed. H.Y.
Meltzer, Raven press, N.Y., p. 108, 1987)
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concentrations of NA or microiontophoresis of NA onto the cell body layer enhanced the population
spike amplitude evoked by Schaffer collateral stimulation. The response was blocked by B-adrenergic
antagonists and mimicked by B-adrenergic agonists as well as by cAMP analogues287:317.319, On the
other hand, higher concentrations of NA or phenylephrine suppressed the evoked population spike. The
latter response was characterized as being of the ou1-adrenergic subtype, although clonidine had a similar
inhibitory effect at high concentrations317.319,320, It is also noteworthy that NA can increase the
spontaneous firing rate of interneurons, which can in turn lead to an inhibition of principal cells and a
reduction of the population spike amplitude338,

The effects of activating a-adrenoceptors in the principal cell layers of the hippocampus are not
always inhibitory. Indeed, NA was shown to act through ct-adrenoceptors to reduce the inhibitory action
of GABAergic interneurons on the firing activity of pyramidal neurons and thereby increase the
excitability of these cells266:282, More precisely, NA wouldreduce the early IPSPs mediated by GABA A
receptors that increase chloride influx into pyramidal neurons118, However, the cellular site responsible
for the disinhibitory effect of NA does not appear to reside at an interneuron. Instead, activation of o-
adrenoceptors would reduce the GABAergic inhibition by depressing excitatory synapses originating
from pyramidal neurons that activate interneurons (recurrent feedbacks)! 18, Another way by which o1-
adrenoceptors activation can lead to increase excitability of pyramidal cells is by a potentiation of
glutamatergic input mediated by NMDA receptors399, au1-Adrenoceptors are well known to activate the
phosphatidylinositol pathway in avariety of tissues32%, These receptors induce the enzymatic hydrolysis
of phosphatidyl-inositol-4,5-biphosphate (PIP2) by phospholipase C which produces diacylglycerol
(DAG) and inositol-1,4,5-triphosphate (IP3). The formation of the latter IP3 molecule in turn promotes
the release of calcium fromintracellular stores329, Segal and colleagues39? found that microiontophoresis
of IP3, but not cAMP, produces the same enhancing effect as ¢/1-adrenergic agonists. It was thus
concluded that oc1-adrenoceptors can potentiate the NMDA-madiated influx of intracellular calcium in
hippocamnpal principal neurons399,

~ The excitation of granule cells of the dentate gyrus by the stimulation of the perforant path was
shown to be increased following either prolonged microiontophoretic application of NA472 or bath
superfusion of NA108.254.419, This long-term change is produced as well as by the activation of the LC
ascending pathway using electrical stimulation109:192, glutamate194, or blockade of somatodendritic
a2-adrenergic autoreceptors with idazoxan379, Both the population spike amplitude and the firing
activity of pyramidal neurons of the CA1 and CA3 regions elicited by stimulating, respectively, the
Schaffer collateral or the mossy fibers were similarly shown to be enhanced by NA (forareview see193),
Besides these data, the fact that responses to topical application of glutamate are enhanced by previous
bath superfusion of NA396 suggests that noradrenergic outputs enhance glutamatergic neurotransmission
inthe hippocampus. These potentiating effects of NA on glutamatergic neurotransmission denominated
“NA Long-Lasting Potentiations” (NALLPs) can last for several minutes to several hours, and are
thought to be physiologically relevant to memory processes193, NALLPs are known to be mediated by
B-adrenergic receptors coupled to the adenylate cyclase system?19.420, The crucial event triggered by
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the cAMP signal might well be an increased cellular influx of calcium, considering that f-adrenoceptors
were shown to activate voltage-sensitive calcium channels 80, One of these calcium conductances could
be the NMDA receptor-channel because antagonists at this site were shown to suppress the induction
of NALLPs78418

The phenomenon of NALLP is distinct from that of L'TP as it does not require high frequency
stimulation of excitatory pathways to be induced. However, NALLP appears related to LTP, considering
that both phenomena are similarly blocked by protein synthesis inhibitors#20 and that LTP is facilitated
by bath applications of NA216417 but markedly reduced by noradrenergic fiber denervation419:421,
Furthermore, superfusion of hippocampal slices with a low concentration of NA, insufficient to produce
NALLP, paired with a subthreshold high-frequency stimulation of mossy fibers that does not induce by
itself LTP, can produce long-lasting potentiation of pyramidal neurons' excitability215,

7. Effects of antidepressant treatments on 5-HT and NA neurons
7.1. Tricyclic antidepressant drugs

Some tricyclic antidepressant drugs (TCAs) decrease the firing rate of DR 5-HT neurons when
administered acutely. In this regard, chlorimipramine is quite potent392447, whereas imipramine and
amitryptiline inhibit S-HT neurons' discharges only at relatively higher doses392, The inhibitory effect
of these drugs correlate with their capacity to block 5-HT reuptake in vitro (chlorimipramine >
imipramine > amitriptyline), and TCAs that preferentially block NA reuptake (nortriptyline or
desipramine) are either very weak or inactive356:392, Following long-term administration of imipramine,
the firing activity of 5-HT neurons and the sensitivity of their somatodendritic 5S-HT1A autoreceptors
tomicroiontophoretically-applied 5-HT or LSD remained normal47, Furthermore, the binding of [3H]8-
OH-DPAT was found unchanged in the DR area following long-term amitriptyline treatments#63, ‘The
fact that these TCAs are rapidly metabolized to secondary amines that are weak 5-HT reuptake blockers
has been invoked to explain their lack of long-term effect on the sensitivity of 5-HT1A autoreceptors
following sustained administration7.

Most TCAs studied so far were found to inhibit the firing rate of LC NA neurons when
administered acutely392.430,432, The efficacy that these TCAs display in inhibiting the firing activity of
NA neurons can also be explained in terms of reuptake blocker potency. Desipramine and nortriptyline
areeffective atlow doses, whereas imipramine and amitriptyline are much less potent392, Intraperitoneal
administration of desipramine for one to seven days was found to produce small reductions of the firing
activity of LC NA neurons225.298, However, long-term desipramine treatment of two to three weeks
induced a greater decrement of neuronal firing225, A two-week treatment with imipramine was also
reported todecrease LC NA neurons' firing activity430.432, It is noteworthy, however, that these findings
could not be replicated by other investigators235.444,

Changes in LC NA neurons' activity following long-term TCA treatments would occur in
conjunction with other changes at the enzymatic, receptor and second messenger levels. As discussed
earlier (section 3.2), the firing rate of NA neurons is directly proportional to the intracellular
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concentration of cAMP. TCA treatments could thus decrease neuronal firing through a change in cAMP
concentration in LC NA neurons. In keeping with this view, long-term imipramine was shown to reduce
cAMP-dependent protein kinase activity in the LC area3%0, These changes in cAMP levels after TCA
treatments might also regulate the expression of proteins in NA neurons. Using immunohistochemistry
and in situ hybridization technigues, long-term imipramine and nortriptyline treatments were shown to
decrease the expression of tyrosine hydroxylase in the LC area?2300.323, Long-term treatments with
imipramine, chlorimipramine and desipramine were also shown to decrease the concentration of Gos
proteins and increase that of Gao proteins in the LC area265, Either of these changes could decrease the
firing rate of NA neurons either by enhancing the potassium conductance presumably coupled to Gao
or by decreasing the Gas-coupled adenylate cyclase production of cAMP265,

The a2-adrenergic autoreceptors mediating the inhibitory feedback on the firing activity of NA
neurons might become desensitized following long-term TCA treatments. Indeed, the suppressant
effects of intravenous administration of imipramine, desipramine or clonidine, as well as that of
microiontophoretically-applied clonidine, were reduced in rats treated with desipramine or
imipramine255.393432.444 I agreement with these electrophysiological findings, [3H]clonidine and
(3H]}idazoxan binding was found to be reduced in the LC region following long-term amitrityline and
protriptyline treatments251:410, Curiously enough, the inhibitory effect of NA applied by
microiontophoresis remained unchanged after long-term desipramine235, As stated earlier (section 2.2),
clonidine has some affinity for imidazoline receptors. It is thus possible that it is these imidazoline
receptors, rather than the o2-adrenoceptors, that become desensitized to the inhibitory action of
clonidine following long-term TCA treatments. In addition, the blunted effect of desipramine and
imipramine after these treatments might be explained by the desensitization of NA reuptake carriers33,
Therefore, the issue regarding the sensitivity of somatodendritic autoreceptors in the LC area after long-
term TCAs still remains unclear.

7.2. Electroconvulsive treatments

Considering the therapeutic and heuristic importance of electroconvuisive therapy (ECS) for
major depression, it is surprising how few studies examined its effect on the physiology of NA and 5-
HT neurons. One study*33 reported a decreased responsiveness of somatodendritic a2-adrenergic
autoreceptors of LC NA neurons to the inhibitory effect of intravenous clonidine after repeated ECS.
However, this change was also observed with a single electroconvulsive shock433 which does not
produce antidepressant effects in humans, Similarly to long-term T CA treatments, ECS was also shown
to decrease tyrosine hydroxylase immunoreactivity in the LC area323,

The effect of ECS on 5-HT neurons of the DR was only recently investigated42, Here again, alack
of effect of ECS was observed, as was found after long-term TCA treatments. Furthermore ECS was
shown not to change the firing activity of these neurons nor the responsiveness of 5-HT1A autoreceptors
to the microiontophoretic application of 5-HT or 8-OH-DPATY2.



7.3. Monoamine oxidase inhibitors

A marked decrease in the firing activity of LC NA neurons was observed after a two-day treatment
with type A MAOIs such as clorgyline and phenelzine, but not with the type B MAOI deprenyl30.55,
When the inhibition of MAO A was prolonged to one or three weeks, there was no tendency of NA
neurons' firing activity to return to the baseline30-35, These results suggest that the regulation of LCNA
neurons' firing activity via somatodendritic o2-adrenergic autoreceptors is not altered by long-term
MAOIs. Consistent with this view, the suppressant effect of intravenous clonidine on the firing rate of
NA neurcns was unchanged after these treatments30, However, long-term treatments with either
clorgyline or phenelzine were found to decrease [3H]clonidine or [3H]idazoxan binding in the LC
area?3:251_ This discrepancy could be explained by the fact that there isa particularly large ot2-adrenergic
receptor reserve on LC NA neurons!30, Therefore, the small down-regulation of LC at2-adrenaceptors
observed in binding studies®3:251 might not be sufficient to affect the o2-adrenergic autoinhibitory
functions which would ultimately depend upon the ratio of receptors versus G proteins. Otherinteresting
data indicate that phenelzine increases tyrosine hydroxylase mRNA levels?l, This is the opposite of
TCAs which, as reviewed in section 7.1, decrease the expression of this enzyme72,

Similarly to NA neurons, DR 5-HT neurons were shown to reduce their firing rate in response to
two-day treatments with MAOISs of type A30:55, In contrast with NA neurons however, 5-HT neurons
firing activity displays a partial recovery after one week and a complete one after three weeks of
treatment30-35(see fig. 5). The gradual recovery of 5-HT neuronal discharge was accounted for by the
finding that 5-HT1A autoreceptors become desensitized following long-term MAOISs. Indeed, the
inhibitory effect of intravenous LSD was markedly reduced following long-term clorgyline, phenelzine
or amiflamine treatments30.35, Unfortunately, there are actually no biochemical correlates of these
electrophysiological findings. In one autoradiographic study, sustained MAQ inhibition with clorgyline,
phenelzine or tranylcypromine failed to decrease: vhe binding of [3H]8-OH-DPAT in the MR and DR
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areas206, As discussed earlier, 5-HT1A autoreceptors are coupled with Gijo proteins60-228, The
desensitization of the 5-HT1A-mediated autoinhibition possibly results from an alteration at the level
of G protein functions rather than from a down-regulation of autoreceptors.

7.4. Selective reuptake blockers _

Similarly to most TCAs, acute intravenous administration of the selective serotonin reuptake
inhibitors (SSRIs) citalopram, indalpine or zimelidine dose-dependently inhibits the firing activity of
DR 5-HT neurons, butat much lower doses38:89:112, Furthermore, these drugs were shown to markedly
decrease the firing activity of 5-HT neurons after two-day treatments?8,58.89, There was a partial
recovery after one week and a complete one after three weeks of treatment. Interestingly, these changes
in firing activity after long-term SSRIs were associated with subseusitivity of the somatodendritic 5S-HT
autoreceptors. Indeed, the dose-response curve for the inhibitory effect of LSD on the firing activity of
5-HT neurons was found shifted to the right after long-term citalopram89 and the effect of 10 pg/kg of
LSD was markedly reduced inrats treated for two-weeks withindalpine or zimelidine48:8. The recovery
of 5-HT neuron firing activity after long-term SSRIs can be explained by the desensitization of the
somatodendritic 5-HT autoreceptors and might account, atleast in part, for the delayed efficacy of thuse
agents in depression.

There are few biochemical studies that have investigated the effect of long-term SSRI treatments
on 5-HT1A receptor binding in the raphe regions. There is one report indicating a decreased [3H]8-OH-
DPAT binding sites in the DR area following long-term treatments with the SSRI fluoxetine#63, Another
study, however, did notindicate any change in [ 3H}8-OH-DPAT binding in both the MR and DR regions
after long-term 5-HT reuptake inhibition with citalopram or sertraline206,

Selective NA reuptake blockers such as oxaprotiline or maprotiline have not been investigated for
their long-term effects on the physiology of NA neurons, Nevertheless, long-term treatments with these
antidepressant drugs would be expected to have a similar profile of action on the firing activity of LC
NA neurons as those described earlier for TCAs having preferential affinities for the NA reuptake carrier
suchasdesipramine or nortriptyline. Long-term SSRItreatments, contrary to TCA or MAOI treatments,
did not change [3H]idazoxan binding in the LC area’l, Surprisingly however, long-term fluoxetine
treatments increased the expression of tyrosine hydroxylase in the LC area to the same extentas did long-
term MAOI treatments’1. Furthermore, long-term zimelidine treatments were shown to decrease the
responsiveness of somatodendritic o2-adrenergic autoreceptors to microiontophoretically-applied
clonidine, although the effect of this treatment at this level was considerably smaller than that of
desipramine or imipramine393,

7.5. Azapirones and az2-adrenergic antagonists

As stated earlier, the antidepressant drugs of the azapirone family such as buspirone, gepirone,
tandospirone or ipsapirone are high affinity ligands for 5-HT1A receptors. It is therefore not surprising
that the intravenous administration of the above agents was found to potently decrease i firing rate of
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DR 5-HT neurons51:166.391,413.448 Short.term treatments (two-day) with gepirone or tandospirone also
produce a decrease in 5-HT neurons firing activity. As for MAOI and SSRI treatments, there is a partial
recovery after one week and a complete one after two weeks of treatment with gepirone or
tandospirone33:16, The recovery of 5-HT neuronal firing was again ascribed to a desensitization of 5-
HT'1A somatodendritic autoreceptors as the dose-response curve of LSD was shifted to the right and the
suppressant effects of microiontophoretically-applied 5-HT, LSD, 8-OH-DPAT or gepirore were
markedly reduced after these treatmentsS1-33,166, Results consistent with the above interpretation were
obtained in experiments using ir vitro recording of 5-HT neuron firing activity in brainstem slices as
the concentration-dependent inhibition by 8-OH-DPAT of 5-HT neuronal discharges was shifted to the
right after a two-week treatment with ipsapirone381,

Effects of long-term treatments with gepirone and ipsapirone on the density of somatodendritic
5-HT autoreceptors were investigated using autoradiographic techniques. A three week treatment with
gepirone (10 mg/kg/day) was initially shown to produce a small decrease (- 27 %) of [3H]8-OH-DPAT
binding in the DR area. However, subsequent studies using the same gepirone treatment, or twice daily
injections of ipsapirone (5 mg/kg/day) during two weeks, failed to replicate these results312.381, Further
studies revealed that stringent conditions are necessary to produce the down-regulation of 5-HT 1A
receptors with azapirone treatments. Twice daily injections of ipsapirone (10 mg/kg/day) produced a
small decrease (- 20%) of [3H]8-OH-DPAT labeling in the DR area after a two-week treatment, whereas
a three-week treatment with this same drug markedly reduced (- 63%) this binding!36, However, 5-
HT1A receptoss in the MR nucleus were found unaffected by the latter ipsapirone treatment!36, It thus
remains unclear whether a down-regulation of 5S-HT'1A receptors in the raphe area can account for the
desensitization of 5-HT14A autoreceptors by azapirone treatrnents.

The common metabolite of azapirones is 1-(2-pyrimidinyl)-piperazine (1-PP), a potent ¢:2-
adrenergic antagonist. Acute administration of 1-PP, or parent azapirone compounds, were shown to
increase the firing rate of LC NA neurons46.74,129.376,377_In this regard, the action of azapirones is
similar to that of another antidepressantdrug, mianserin, which was also shown to increase NA neurons’
activity by blocking somatodendritic ct2-adrenergic autoreceptorsl®?, The selective oz-adrenergic
antagonist and purported antidepressant drug idazoxan has a complex profile of action at LC NA
neurons. Under sodium pentobarbital anesthesia, a low intravenous dose of idazoxan was shown to
decrease the firing rate of LC NA neurons whereas microiontophoretic application of this drug increases
NA neuronal discharges152,168, When chloral hydrate was used instead for anesthesia, the suppressant
effect of the low dose of idazoxan was not observed and higher doses of this drug actually increased NA
neurons' firing activity152,

It can thus be concluded that some antidepressant drugs increase the firing rate of LC NA neurons
when given acutely. However, this is unlikely to be the basic property underlying their therapeutic
efficacy in depression. First, because it stands in contrast with the effect of TCAs that, as we have seen,
decrease neuronal discharge from these cells. And second, because the enhancing effects of tandospirone

and mianserin have been found to disappear upon long-term administration107:166, yet these drugs are
clinically effective at this stage.
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8. Effects of antidepressant treatments on hippocampal 5-HT and NA systems
8.1. At the presynaptic level
8.1.1. Tricyclic antidepressant drugs

The only TCA that has been studied so far for its effect at NA terminals is the NA reuptake blocker
desipramine. Althougt: it prolongs the time of action of NA in the éynaptic cleft, desipramine appears
to reduce the amount of NA released per action potential. Acute administration of this drug has been
shown to decrease the efficacy of the electrical stimulation of the LC ascending pathway to suppress the
firing activity of CA3 pyramidal neurons, and this was shown to be mediated via the activation of terminal
az-adrenergic autoreceptors 105, A two-week treatment with 5 mg/kg/day of desipramine did notchange
the efficacy of the stimulation of the NA pathway. In contrast, a treatment with a higher dose of
desipramine (10 mg/kg/day) increased the efficacy of the electrical stimulation at 5§ Hz235, The latter
in vivo result is consistent with previous in vitro experiments that have shown enhanced electrically- or
potassium-evoked release of [3H]NA following treatments of three to four weeks with desipramine at
a similarregimen81.388, The enhanced release of NA following desipramine treatment could be ascribed
to a desensitization of terminal o2-adrenergic autoreceptors. In support of this contention is the fact that
the inhibitory effect of intravenous clonidine on the efficacy of the stimulation of NA pathway is reduced
following long-term desipramine treatments (10 mg/kg/day)255, Furthermore, the effect of increasing
the frequency of the stimulation, on the level of activation of o2-adrenergic autoreceptors by synaptically
released NA, was also diminished after long-term desipramine treatments255, However, two groups
found that the inhibitory effect of clonidine on the evoked release of [3H]NA from preloaded
hippocampal slices in vitro is unaltered by a similar desipramine treatments81,388, thus yet excluding
any definitive conclusion.

There is one superfusion study that suggested a decreased inhibitory effect of clonidine after long-
termdesipramine214, However, in these experiments the animals were sacrificed only 12 hours after the
last injection of desipramine, and it is possible that elevated levels of endogenous NA, produced by
remaining NA rcuptake blockade with desipramine, competed with clonidine. Smith et al. 410 also
reported a decreased density of [3H]clonidine binding sites in hippocampus following long-term
amitriptyline, and claimed that this effect might be the biochemical coirelate of an o2-adrenergic
autoreceptor desensitization on the basis that this effect is not observed in rats that had NA fiber
denervation atbirth. This conclusion can be questioned, considering thata desensitization of postsynaptic
o2-adrenoceptors by an increased synaptic concentration of NA (consequent to the sustained reuptake
blockade produced by amitriptyline) would also be prevented by NA fiber denervation. In subsequent
studies?14, the same group reported decrease in [3H]clonidine binding after long-term desipramine
treatment which is consistent with the above results with amitriptyline.

There are two studies that have investigated the effect of long-term TCA treatments on 5-HT
terminals of the hippocampus. A three-week treatment with imipramine was shown to increase the
efficacy of the electrical stimulation of the S-HT pathway to suppress the firing activity of CA3 pyramidal
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neurons>6.90, However, a desensitization of terminal 5-HT1B autoreceptors is not likely to account for
this eftect: first, because the efficacy of the 5-HT1B antagonist methiothepin to increase the suppression
of firing was unchanged, and second, because the difference in the degree of suppression of firing
observed by increasing the frequency of the stimulation was also unaltered36.90,

8.1.2. Electroconvulsive shock treatment

There are few studies that have investigated the effect of ECS on NA or 5-HT terminals of the
hippocampus. Acutely, electroconvulsive shocks increase the release of various neurotransmitters,
including NA and 5-HT, inthe hippocampus, 125:132:434 However, microdialysisandelectrophysiological
studies have shown that ECS does not produce a sustained increase the release of NA nor of 5-HT in
the hippocampus®?434, Furthermore, these studies indicated unchanged sensitivity of NA or 5-HT
terminal autoreceptors as assessed by the unaltered enhancing effects of antagonists, idazoxan and
methiothepin respectively, acting at these sites90:434, Considering these functional data, the decreased
[3H]clonidine binding that has been reported in the hippocampus after ECS415 can hardly be ascribed
to a down-regulation of o2-adrenoceptors on NA terminals. Finally, there is one report indicating that

the funtion of the 5-HT3 receptors that enhance the evoked release of [3H]5-HT is not modified by
ECS42,

8.1.3. Monoamine oxidase inhibitors

Brain concentrations of 5-HT and NA have been found elevated after both short- and long-term
treatments with various MAOQIs54.55,144, These results, however, are not necessarily indicating thatan
increased amountof neurotransmitters is available for release following neuronal depolarization. In fact,
increased cytoplasmic levels of 5-HT and NA appear to inhibit the synthesizing enzymes of these
neurotransmitters and could thus limit their intraneuronal accumulation and terminal release!44,
Consistent with this interpretation is the fact that long-term inhibition of MAO A with clorgyline or
phenelzine does not change the efficacy of the stimulation of the ascending NA pathway to suppress the
firing activity of pyramidal neurons of hippocampus4. Finberg and co-workers documented a
desensitization of prejunctional or2-adrenergic autoreceptors in the periphery following long-term
MAOQIs142.143, However, terminal or2-adrenergic autoreceptors of the central nervous system are
apparently not affected by these treatments81,341,

In contrast to NA, 5-HT neurotransmission was found to be enhanced following long-term
treatments with MAOISs of A type45:54.55, This phenomenon is most likely explained by a presynaptic
mechanism because the sensitivity of postsynaptic 5-HT receptors was not increased by these
treatments?3-4.35, A down-regulation of presynaptic terminal 5-HT autoreceptors is an appealing
explanation for the increased release of 5-HT, considering that long-term treatments with MAOISs have
consistently been shown to decrease [3H]5-HT binding to 5-HT1 receptors in the brain274.349.380,
However, selective lesions of inputs from the raphe to the hippocampus (administration of 5,7-
dihydroxytryptamine in the cingulum and the fimbria fornix) do not cause any significant decrease in
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[3H]5-HT binding in the hippocampus333, thus indicating that these binding sites are postsynaptic. In
the light of this evidence, the down-regulation of [3H]5-HT binding sites by MAOISs does not appear
relevantto an action of these treatments at presynaptic sites. Furthermore, an electrophysiological study
by Blier et al. 45 ruled out a possible desensitization of terminal 5-HT autoreceptors of hippocampus by
long-termclorgyline. Indeed, the enhancing effect of methiothepin and the ratio of effectiveness of two
frequencies of stimulation were found to be unchanged after this treatment?3, It is not clear at present
if other factors, in addition to the increase in the releasable pool of 5-HT, contribute to the increased 5-
HT neurotransmission after long-term MAOQI treatments.

8.1.4. Selective reuptake inhibitors

No studies have investigated the effect of antidepressant drugs with selective NA reuptake
inhibitor properties, apart from that of the TCA desipramine, on the function of noradrenergic terminals
of the hippocampus. In comparison, the actions of SSRIs at 5-HT terminals have been the subject of
numerous experiments. We have seen (section 5.1) that bath application of paroxetine in vitro increases
the evoked the release of [3H]S-HT from preloaded hippocampal slices through 5-HT3 receptors43.
Interestingly, long-term treatment with parox:tine was recently shown to blunt the enhancing effect of
the selective 5-HT3 agonist 2-methyl-5-HT%4, It is noteworthy that a mere increase in the synaptic
concentration of 5-HT during the paroxetine treatment is not sufficient to explain the above data
inasmuch as long-term treatments with a MAOI do not produce this effect#4.

Itappears nonetheless that, similarly to MAOIS, various SSRIs (citalopram, zimelidine, fluoxetine
and paroxetine) increase the efficacy of 5-HT neurotransmicsion in vivo through a presynaptic
mechanism%5:48.89.90, However, in contrast to the results obtained with MAOIs, SSRIs were consist-
ently shown to decrease the sensitivity of terminal 5-HT
autoreceptors in the hippocampus. Indeed, the enhancing
effect of methiothepin on the efficacy of the electrical
stimulation of the 5-HT pathway to suppress the firing rate
of pyramidal neurons was nearly abolished by long-term
paroxetine, fluoxetine or citalopram treatments (fig. 6). In
addition, increasing the frequency of the stimulation did not
decrease the efficacy of 5-HT neurotransmission in these
treated animals to the same extent as in saline-treated
rats#5.89.90, Experiments carried out in vitro on brain slices
provided further evidence consistent with the desensitization
of terminal 5-E'T autoreceptors. Long-term treatments with [J BEFORE METHIOTHEPIN
paroxetine were shown to increase the electrically-evoked Bl FOLLOWING METHIOTHEPIN

. . Fig. 6 Effect of a long-term citalopram
release of [3H]S-HT from preloaded hippocampal slices, and treatment on S-HT neurotransmission
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that the desensitization of terminal 5-HT autoreceptors by SSRIs is not restricted to the hippocampus
as it was also found in the hypothalamus44-315,

8.1.5. Azapirones and az-adrenergic antagonists

Gepirone and tandospirone have been studied for their effects on the function of 5-HT and NA
terminals. Long-term treatments with these drugs do not change the efficacy of 5-HT or NA
neurotransmission, as suggested by the unchanged suppressant effects on the firing activity of CA3
pyramidal neurons of electrically stimulating 5-HT and NA ascending pathways?6.51.166, Furthermore,
the ratio of duration of suppression of firing at two frequencies of stimulation was found to be unchanged,
indicating that terminal autoreceptors on 5-HT and NA terminals remained normosensitive after long-
term azapirone treatments?#6,31,166,

Similarly to mianserin and idazoxan, the metabolite of azapirones, 1-PP, increases the release of
NA tarough the blockade of terminal or2-adrenergic autoreceptors#6.104.242_ Although the above agents
are clinically effective after long-term administration, it is possible that this acute property contributes
to their therapeutic action. Long-term o:2-adrenoceptor antagonism with mianserin and idazoxan has
been shown to sensitize terminal NA autoreceptors, and this was detectable two to three days after the
washout of the drugs. Noradrenergic neurons thus seem to compensate, through the bias of this
mechanism, for the large increase in NA release produced by the sustained blockade of terminal
autoreceptors. It is likely that 1-PP produced a similar effect aithough it was not observed in the study

by Blier et al.46, probably because the osmotic minipumps delivering tandospirone were left in place
during the experiments.

8.2. At the postsynaptic level
8.2.1. Serotonergic receptors

Several single-unit in vivo studies have shown that long-termn TCA treatments (chlorimipramine,
imipramine, amitriptyline, desipramine) increase the responsiveness of extrasynaptic 5-HT1A receptors
mediating the inhibition of the firing activity of hippocampus pyramidal neurons. Intrasynaptic 5-HT1A
receptors, activated by the eiectrical stimulation of the ascending 5-HT pathway, were also found
supersensitive after these TCA treatments?0.111,112,157,178 Interestingly, this sensitization of 5-HT1A
receptors was also produced by repeated ECS treatments, as well as by some atypical antidepressant
drugs (iprindole, mianserin), but not by MAOIs, SSRIs or azapirones37.90.110, Long-term treatments
with MAOISs increase the efficacy of the stimulation of the 5-HT pathway in the hippocampus. However
clorgyline, but not other MAOIs, was found todecrease the suppressanteffect of microiontophoretically-
applied 5-HT and 8-OH-DPAT45:%9,

Multi-unit in vitro studies have generated contradictory data concerning the sensitivity of
postsynaptic 5-HT receptors following long-term antidepressant treatments. One multi-unit study,
consistent with the above single-unit studies, has shown that long-term treatments with desipramine
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enhance the reduction in population spike amplitude induced by bath application of 5-HT117, Another
group, however, found no significant change of this reduction of population spike amplitude after long-
term chlorimipramine336. In yet another study, four to five weeks of treatment with imipramine,
desipramine or clorgyline was found to decrease the inhibitory effect of 5-HT on the population spike
amplitude372, However, the inhibitory effect of 5-HT in the latter study appeared to be mediated by 5-
HT32 receptors as it was blocked by cyproheptadine and ketanserin372,

There are also controversies concerning the effect of long-term antidepressant treatments on the
5-HT1A-mediated inhibition of forskolin-stimulated adenylate cyclase in the hippocampus. Newman
and co-workers reported that this function is desensitized by a variety of long-term treatments including
a TCA (desipramine), ECS, SSRIs (fluoxetine, zimelidine) and even a selective NA reuptake blocker
(maprotiline)324.325.328, Prolonged administration of low dnses of azapirones (buspirone, ipsapirone)
produce similar effects, but curiously, a single administration of a higher dose of buspirone also
desensitized the inhibitory effect of 5-HT on adenylate cyclase activity328, Two groups found thatlong-
term treatments with MAOIs of type A (tranylcypromine or clorgyline) decrease the 5-HT1A-mediated
inhibition of cAMP production?09:449, Although Varrault and colleagues*4? also observed a desensi-
tization following ECS, they did not observe any change after long-term fluoxetine or desipramine
treatments. Finally, one group reported no alterations in the 5-HT1A-mediated inhibition of forskolin
activated adenylate cyclase following long-term treatments with either the TCAs desipramine and
imipramine or the MAOI tranylcypromine333, Unfortunately, satisfactory explanations that could
account for these discxepancies have not been proposed in any of the above studies. To my knowledge,
the effect of long-term antidepressant treatment on the production of phosphatidyl inositol mediated by
the activation of 5-HT?2 receptors in the hippocampus has never been examined, although it was found
to be decreased in the cortex by several antidepressant drugs326,

There is a general agreement among various studies that long-term treatments with directly acting
5-HT'1A agonists (azapirones) or sustained increase in the synaptic concentration of 5-HT (with SSRIs
or MAOIs)donotchange thedensity or affinity of 5-HT1A receptorsin the hippocampus 136.206.312,381,463,
In the case of long-term TCA treatments, the status of 5-HT1A binding sites is controversial. Welner and
co-workers#63 reported an increased density of [3H]8-OH-DPAT binding sites in the CA| region and
dentate gyrus after long-term treatment with amitriptyline, This would be consistent with the sensitization
of 5-HT'1A receptors by this treatment that was repeatedly reported in electrophysiological experiments.
In one study310, long-term imipramine was found to down-regulate 5-HT1A receptors, but others
suggested that this TCA treatment does not alter 5-HT1A receptor density312460, Furthermore, the
decreased binding of [3H]8-OH-DPAT observed in certain regions of the hippocampus after repeated
stress was not reversed by long-term imipramine treatments#60, Finally, a recent study’? reported an
increase in the levels of hippocampal 5-HT1A receptors, but not mRNA, in LEW/N rats treated with
imipramine for 8 weeks. However, in F344/N rats that had received a similar treatment, there was a

decreased abundance of mMRNAs coding for the 5-HT 1A receptor while the density of 5-HT1A receptors
was unaltered??,
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Several studies documented a reduction of 5-HT?2 receptor number by long-term antidepressant
drugs in several brain areas including the hippocampus, Although there are some negative findings,
antidepressant d}ugs of all classes including TCAs, SSRIs, MAOIs and azapirones, have been reported
to down-regulate these sites371.381.471480, Nonetheless, several authors believe that the down-
regulation of 5-HT?2 receptors by antidepressant drugs is not related to their therapeutic activity as
repeated ECS, actually a very effective antidepressant treatment, has been consistently shown to produce
the opposite change, i.e., it increases 5-HT2 receptor density71.480,

Taken together, the above results suggest that antidepressant treatments might have opposite
actions on postsynaptic 5-HT-mediated functions depending on the population of receptors and the
mechanisms of transduction involved. For example, based on binding and electrophysioclogical data, it
might be argued that TCA treatments desensitize the 5-HT2-mediated function by decreasing receptors
density. On the other hand, TCA treatments increase the neurotransmission at the level of the 5-HT'1A
receptors that inhibit the firing rate of pyramidal cells of hippocampus. In contrast to the desensitization
of 5-HT2-mediated functions, the TCA-induced enhancement of 5-HT1A-mediated function would take
place beyond the receptor itself, first because, no consistent changes were found in [3H]8-OH-DPAT
binding studies after these treatments, and second, because TCAs would decrease rather than increase
the 5-HT1A.mediated inhibition of adenylate cyclase. Recent studies implicate various subunits of G
proteinsin the effectof long-term TCA treatments. The findings that long-term TCA treatments increase
the brain concentratior of Gao proteins and that TCAs directly enhance GTPase activity of Gaoproteins
could account for the enhancement of the 5-HT1A-mediated electrophysiological response265:476, In
turn, areduction in the brain concentration of Gai after long-term TCA treatments has also been reported
and could explain the diminished capacity of 5-HT to inhibit adenylate cyclase activity265,

8.2.2, Noradrenergic receptors

Among the better documented postsynaptic effects of long-term antidepressant treatments is the
desensitization of B-adrenoceptors. In contrast to the results obtained for postsynaptic 5-HT receptors,
there is reasonable agreement among electrophysiological, second messenger and binding studies. As
reviewed earlier (section 6.2), stimulation of the ascending pathways from the LC produce, through
synaptically released NA, a 8-adrenergic-mediated activation of the firing activity of pyramidal neurons
of hippocampus. This response is decreased following long-term treatment with desipramine235, Long-
term treatments with desipramine, mianserin and imipramine were also shown to depress the excitatory
action of the B-adrenergic agonist isoprenaline on the population spike amplitude!17 and decrease the
excitatory effect of NA on the firing rate of CA1 hippocampal neurons40, In addition, intracellular
recordings revealed a marked reduction in the concentration-response curve of isoproterenol, to decrease

the afterhyperpolarization amplitude of pyramidal neurons, following long-term imipramine adminis-
tration39.
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A large variety of antidepressant treatments, including TCAs, MAOIs, ECS and atypical
antidepressant drugs (e.g., iprindole, mianserin) have been shown to reduce either B-adrenoceptor
binding or B-adrenergic-mediated production of cAMP326428, Contrary to the original belief, not all
antidepressant drugs have this property. Citalopram and trimipramine do not exert this effect198.227,
Furthermore, most experiments that have investigated the desensitization of P-adrenoceptors by
antidepressant treatments used brain samples from the cortex. In the hippocampus, as in the cortex, ECS
and long-term treatment with TCAs (desipramine, imipramine) or witha MAOI (pargyline) were shown
to down-regulate [3H]dihydroalprenolol binding77:246345:414-416, Surprisingly, long-term treatment
with amitryptiline, nomifensine or tranylcypromine down-regulated the B-adrenoceptors of the cortex,
but not those of the hippocampus345.416, Therefore, although the desensitization of B-adrenoceptors is
a shared effect of numerous antidepressant treatments in the cortex, this does not appear to be the case
in other areas, such as the hippocampus. Furthermore, there are regional variations in the desensitization
of the B-adrenoceptors even within the hippocampus. Long-term imipramine treatments reduced
[125T]pindolol binding in the CA| stratum radiatum or the molecular layer of the dendate gyrus, but not
in the CA3 stratum radiatum!23, Interestingly, Paul and co-workers345 reported that the kinetics of the
desensitization of B-adrenoceptors are more rapid in the frontal cortex than in the hippocampus. They
havz also observed that in the hippocampus, but not in the cortex, this kinetic effect is accelerated by
stress.

The desensitization of B-adrenoceptors appears to be an adaptative mechanism in response to the
enhancement in the synaptic concentration of NA produced by antidepressant drugs. Indeed, 6-OHDA
denervation of NA fibers or B-adrenoceptor blockade abolished the effect of long-term desipramine
treatments on cAMP stimulation339 and on B-adrenergic binding3%0:473, ECS apparently desensitizes
B-adrenoceptors through a different mechanism because the effect of this treatment was found to be
unaltered in NA-denervated animals#53. There are several lines of evidence indicating that B-
adrenoceptors desensitize very rapidly in response to short-term agonist exposure, a phenomenon
involving phosphorylation of the receptors by protein kinases (PKA or BARK)197, However, the
desensitization of B-adrenoceptors by long-term antidepressant treatments cannot be explained by a
phosphorylation mechanism!97, Instead, a decreased production of mRNA coding for B-adrenoceptors
has been reported following long-term antidepressant treatments217, The desensitization of the B-
adrenergic-mediated production of cAMP by antidepressant treatments might also involve an altered
capacity of Gas proteins to stimulate adenylate cyclase. Similarly to cholera toxin, long-term
desipramine or amitriptyline treatments appear to increase the coupling of Gas to adenylate cyclase and
would thereby reduce the capacity of B-adrenoceptors tostimulate cAMP production by the intermediary
of this nucleotide265,340,

Some data suggest an enhancement of o1-adrenergic responses in hippocampus following long-
term antidepressant treatments. A two-week administration of imipramine, mianserin and oxaprotiline
increased the suppressant effect of phenylephrine on the firing rate of CA1 hippocampal reurons in
vitro®0, However, treatment with MAOIS, desipramine or tandospirone did not change the efficacy of
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the electrical stimulation (at 1 Hz) of the LC pathway to suppress the firing activity of CA3 pyramidal
neurons, an effect which is mediated through ot1-adrenoceptors#6.54.55.255, The above results of Bijak40
appear consistent with the enhancement of affinity and sensitivity of brain ot1-adrenoceptors following
long-term antidepressant drugs that Aghajanian and co-workers found in other regions of the brain302-
304.458 There is also one report indicating that the binding of [3H)WB-4101 to c1-adrenoceptor of
mouse hippocampal membrane is increased by a long-term amitriptylire treatment363, In contrast, the
binding of [3H]prazosin to these receptors in the rat hippocampus was found to be unaltered by long-
term amitriptyline, imipramine or mianserin treatments!99:332, Furthermore, NA-stimulated inositol
phospholipid breakdown via ot1-adrenoceptors was found unchanged following long-termdesipramine,
mianserin or maprotiline treatments146, And although repeated ECS consistently increases the density
of [3H]prazosin binding sites and the o1-adrenergic stimulation of inositol phosphate in the cortex, no
changes were found in the hippocampus after this treatment199:327,332.426 The bulk of evidence thus
suggests that the o:1-adrenoceptors of the hippocampus are not generally affected by antidepressant
treatments, although these treatments might enhance ct1-adrenergic neurotransmission in discrete
regions of the hippocampus.

Electrophysiological studies have consistently found no change in the sensitivity of postsynaptic
o2-adrenoceptors to suppress the firing activity of hippocampal pyramidal neurons following long-term
antidepressant treatments. The treatments studied were repeated ECS for two weeks!10, TCAs
(desipramine, chlorimipramine, imipramine, amitryptiline) for two days, on= week or two
weeks!11,157,178.212 mianserin or indalpine for two weeks212, or MAOIs (clorgyline, phenelzine,
amiflamine) for two days or three weeks5254.55, These results stand in contrast with the data of
{3H]clonidine binding studies that indicated a decrease in oi2-adrenoceptor number in hippocampus
following repeated ECS for 10 days#13 or amiriptyline for two weeks32, A recent radioligand binding
study using [3H]clonidine revealed, however, that the down-regulation of o2-adrenoceptors of
hippocampus by TCAs is clearly observed after one week of treatment, smaller after two weeks of
treatment, and disappears after three weeks of treatment32, A similar progressive recovery of
[3H]clonidine binding was observed in other regions of the brain32. It can thus be reasonably concluded,
based on the above electrophysiological data and on the latter binding study, that postsynaptic a:2-
adrenergic functions and receptor number are not affected by long-term antidepressant treatments.

9. Interactions between the serotonergic and noradrenergic systems

As described in the preceding sections, there is an abundance of data indicating that the
noradrenergic and the serotonergic systems are implicated in the mechanism of action of antidepressant
drugs. It might be argued that it is a joint dysfunction of the NA - 5-HT system that is etiologically
relevant in depression. The interplay between the modifications induced by antidepressant treatments
in both of these systems could also be crucial. There is one study that has indicated a significant
correlation between 5-HIAA and MHPG in patients with major depression, suggesting that 5-HT and
NA deficits occur in paralle]??4, A more recent study23 investigated the relationship between the ou1-
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adrenergic and 5-HT neurotransmission using the cortisol response to desipramine and that to the non-
selective 5-HT agonist mCPP (meta-chlorophenylpiperazine), respectively. A significant negative
correlation between the serotonergic and noradrenergic cortisol responses was found, and interestingly,
the magnitude of this correlation was modest in healthy volunteers but highly significant for major
depressive patients23. From these results, Asnis and his collaborators23 concluded a joint disturbance
of the NA - 5-HT systems in major depression. There is also clinical evidence that the combinations of
antidepressant treatments that increase both NA and 5-HT synaptic concentrations display superior
therapeutic efficacy to either one alone. A more rapid antidepressant response was achieved when
depressive patents werc treated with a 5-HT reuptake blocker (fluoxetine) plus a NA reuptake blocker
(desipramine), than when they were treated with desipramine alone322. Furthermore, the administration
of tyrosine, the precursor of NA, potentiates the antidepressant capacity of 5-HTP, the precursor of 5-
HT#45,

Essentially two types of mechanisms could account for a joint effect of 5-HT and NA in the action
of antidepressant treatments. On one hand, these treatments could act on each neurotransmitter system
independently, but simultaneously. In this case, parallel mechanisms would be involved. For instance,
as described in section 8.2, TCA treatments can decrease the excitability of pyramidal neurons of the
.dppocampus by two parallel mechanisms, i.e. the sensitization of the inhibitory 5-HT1A receptors and
the desensitization of the excitatory B-adrenoceptors. On the other hand, serial mechanisms could
involve a principal action of an antidepressant treatment on one neurotransmitter system that would in
turn alter the other monoaminergic system. We will focus in the next sections on serial mechanisms.

Several types of neuronal interactions can be distinguished. One type involves heteroreceptors
whichcan be defined as presynapticreceptors activated by aneurotransmitter different fromthatreleased
by the nerve terminals on which they are localized. The first description of neuronal interactions through
heteroreceptors was shown at the level of the cholinergic system, when it was found that NA released
from the sympathetic postganglionic nerve endings tonically inhibited the release of acetylcholine from
varicosities344. Evidence suggests that heteroreceptors can be activated in absence of synaptic contact.
It appears, for instance, that NA released from nonsynaptic varicosities can diffuse to o:2-adrenergic
heteroreceptors localized on target cells at a greater distance than what is normally observed for
conventional synaptic neurotransmission116:455, A second way by which the NA and 5-HT systems
could have ‘cross-talk” is viareceptor-receptor interactions. In this case, adrenergic and 5-HT receptors
localized on the same cell could alter each other’s sensitivity or function through common transduction
links at the level o)’ the membrane or via second messengers. Of course, these receptor-receptor
interactions could occur either at the level of 5-HT or NA neurons themselves or at the level of their
common postsynaptic cell targets. A third type of interaction involves direct noradrenergic or
serotonergic synaptic input at the level of the soma or the dendrites of 5-HT and NA neurons. Finally,
these neurons could also interact indirectly through the bias of interposed neurons, for instance through
GABAergic interneurons.
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9.1. Neurochemical evidence for interactions at presynaptic terminals

Since the original report of Montel and Starke that clonidine inhibits the release of [3H]5-HT from
preloaded cerebral cortex slices424, the existence of t2-adrenoceptors modulating 5-HT release has been
extensively documented, in vitro, in various brain regions of several species including hu-
mans127,139,148,158,172,174,271,357,358,386,387, The conclusion that these ai2-adrenergic heteroreceptors
are localized on 5-HT terminals was inferred from two approaches. First, the inhibitory effect of NA
on the release of [3H]}5-HT was found in synaptosomes, i.e. pinched-off nerve terminals from the rat
brain cortex and hippocampus294:357, Second, the blockade of neuronal propagation of action potential
with tetrodotoxin did not hinder the inhibitory effect of NA on the calcium-evoked release of [3H]5-HT
from preloaded cortex slices172. However, binding studies failed to detect any change in [3H]clonidine
or [3H]Jrauwoiscine binding after 5-HT fiber denervation!®3, most likely because ar2-adrenergic
heteroreceptors account only for a small proportion of ¢:2-adrenoceptors .

The characterization of the precise pharmacological subtype of the at2-adrenergic heteroreceptors
has recently been done. A first study indicated that these heteroreceptors are not of the oi2B-subtype,
based inparton the fact thatoxymetazoline, an 0:2A/D-adrenergic agonist, acts with high potency at these
sites and that prazosin, which is selective for o:2B-adrenoceptors, is not an antagonist at these sites 65,
It was subsequently shown that a2-adrenoceptors on 5-HT terminals are of the 0t2D subtype in rat brain
cortex, but of the a2 subtype in the same brain area of the rabbit*38, Similarly to a2-adrenergic
autoreceptors, there is some evidence that c2-adrenergic heteroreceptors on §-HT terminals are
negatively linked with adenylate cyclase. Inthe presence of forskolin plusan inhibitor of phosphodiesterase,
the inhibitory effect of or2-adrenergic agonists (clonidine, B-HT 920, bromoxidine) on the release of
[3H)5-HT from preloaded rat brain slices was markedly reduced359.384_ Furthermore, inactivation of
G proteins with N-ethylmaleimide was shown to diminish the action of clonidine at a2-adrenergic
heteroreceptors on 5-HT terminals293, The phosphatidyl-inositol pathway could also be linked with
these heteroreceptors as the activation of protein kinase C with a phorbol ester was shown to shift to the
right the concentration-effect curve of bromoxidine in the hypothalamus359,

According to the data of Blier et al.39, there are complex receptor-receptor interactions between
the o2-adrenergic heteroreceptor, the autoreceptor and the reuptake carrier on 5-HT terminals of the
hypothalamus. These authors have shown that the inhibition of the electrically-evoked release of [3H]S5-
HT by bromoxidine or NA is attenuated in the presence of SSRIs (citalopram, paroxetine). A similar
finding previously indicated that the action of clonidine at a2-adrenoceptors on 5-HT terminals of the
cerebral cortex is decreased in the presence of the SSRI 6-nitroquipazine174. Pretreatment with the 5-
HT synthesis inhibitor para-chlorophenylalanine (PCPA) was performed to determine whether the
interaction between the o2-adrenergic heteroreceptors and the 5-HT reuptake carrier is due to an
increased synaptic concentration of 5-HT. The inhibitions induced by NA or bromoxidine on the release
of [3H]5-HT were not significantly changed by the PCPA pretreatment, However, this pretreatment
markedly reduced the interaction between citalopram and bromoxidine, suggesting that the responsive-
ness of ot2-adrenergic heteroreceptorsis determined by the level of activation of 5-HT1B autoreceptors3?.
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In support of this interpretation, the blockade of 5-HT 1B autoreceptors with cyanopindolol was shown
to prevent the inhibitory effect of citalopram on the sensitivity of the ai2-adrenergic heteroreceptors9,
Comparable receptor-receptor interactions regulating 5-HT and NA actions were also illustrated in the
peripheral nervous system as mutual inhibitory actions between prejunctional o:2-adrenoceptors and 5-
HT1B receptors on the sympathetic nerve terminals3!1,

Recent data from the group of Frazer suggest the presence of B-adrenoceptors on 5-HT
terminals207, The selective binding of [125T}iodopindolol at B1- and P2-adrenoceptors (in presence of
unlabelled ligands masking either of these sites) was investigated following denervation of 5-HT
terminals with 5,7-DHT. Densities of both receptors were found to be decreased in several terminal
regions of the brains. The down-regulation appeared selective for the f1-adrenoceptors in some areas
of the hippocampus as there was a marked decrease of both B1 and 2 subtypes in the area CA3, butonly
of B1-adrenoceptors in the area CA1207, Contrary to or2-adrenergic heteroreceptors, the B-adrenoceptors
on 5-HT terminals do not appear to modulate the release of 5-HT. First, because the inhibitory effect
of NA on the evoked release of [3H]5-HT is not blocked by B-adrenergic antagonists148:172, and second,
because B-adrenergic agonists are lacking any effect at this level®%148.385 Some B-adrenergic
antagonists enhance the evoked release of [3H]5-HT, but this action is thought to be related to a blockade
of 5-HT1B autoreceptors34,140.271,306,385, Nevertheless, long-term treatments with the B-adrenergic
agonistand putative antidepressant drug flerobuterol was shown toincrease the efficacy of the electrical
stimulation of the ascending 5-HT pathway to suppress the firing activity of CA3 pyramidal neurons®8,
This effect was not due to the blockade of 5-HT1B autoreceptors as the sensitivity of these autoreceptors
was found unchanged when tested by increasing the frequency of the stimulation68. Furthermore, the
sensitivity of postsynaptic 5-HT 1A receptors was also unalteredS8, It thus appears that stimulation of B-
adrenoceptors can modulate upon sustained and prolonged activation, but not acutely, the release of 5-
HT through some unknown mechanism,

9.2, Neurochemical evidence for interactions at posisynaptic sites -

The " 5-HT / NA link " hypothesis of affective disorders was postulated by Sanders-Bush and
Sulser375.429 on the basis of alterations of B-adrenoceptor number and function following impairment
of 5-HT neurotransmission. These zuthors have reviewed evidence indicating that the binding of
[3H]dihydroalprenolol is increased by 5,7-DHT lesions of 5-HT terminals as well as by pretreatments
with the 5-HT synthesis inhibitor PCPA375:429, Furthermore, it was shown that the down-regulation of
[3H]dihydroalprenolol binding normally observed following long-term treatments with various antide-
pressant crugs (see section 8.2.2) is not observed in animals pretreated with either 5,7-DHT or
PCPA375429, However, subsequent studies revealed that the selective binding of [125Tlpindolo! at f-
adrenoceptors is not affected by 5,7-DHT and PCPA pretreatments207 and that an up-regulation of
postsynaptic 5-HT 1B sites labelled with low-affinity by [3H]dihydroalprenolol canaccount for the results
obtained following 5,7-DHT lesions163:365, In addition, it appears that antidepressant drugs selectively
down-regulate high affinity [3H]dihydroalprenolol bmdmg and that these high affinity sites are not
affected by PCPA pretreatments<36,
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Nevertheless, the notion that 5-HT regulates B-adrenocepior function cannot be readily ruled out.
Denervation of 5-HT fibers with 5,7-DHT was shown to prevent the desensitization of isoproterenol-
stimulated adenylate cyclase by long-term desipramine treatment in the cortex31, Others, however, fail
toreplicate these results using 5,7-DHT or PCPA pretreatments235.285, Blockade of 5-HT synthesis with
PCPA was also shown to increase isoproterenol-induced production of cAMP in the hippocampus*25,
Furthermore, addition of 5-HT onto hippocampal slices stimulated adenylate cyclase by itself, but did
not change isoproterenol-induction of this enzyme316, In contrast, 5-HT alone did not change cAMP
production in the cortex, but markedly increased isoproterenol-activation of adenylate cyclase via the
activation of 5-HT2 receptors316, It thus appears that depending on the regions of the brain, 5-HT either
facilitates or inhibits B-adrenergic-stimulation of cAMP.

Relatively fewer studies have been done at the level of other postsynaptic receptors. Some reports
indicated that the enhancement in 5-HT neurotransmission produced by a long-term citalopram
treatment increases the density of cortical, but not hippocampal, t1-adrenoceptors283.332.452 Thijs
effect might be linked with the capacity of citalopram to reduce the desensitization of a1-adrenoceptors
by protein kinase C321, Finally, one studyl78 indicated that an intact NA system is required for the
sensitization of 5-HT1A receptors by TCA in the hippocampus. Indeed, the increased efficacy of
microiontophoretically-applied 5-HT to suppress the firing rate of CA3 pyramidal neurons that is

induced by long-term treatments with amitriptyline was shown to be abolished by a pretreatment with
6-OHDAL78,

9.3. Behavioral evidence for interactions in the brain

Data from several sources underscore the ability of NA to modulate 5-HT behavioral responses.
These NA modulations can be separated into those that enhance 5-HT responses, most often found to
be mediated by B-adrenoceptors, and those that decrease these behaviors. The earliest investiga-
tions 181,182 gtudied the role of the NA systemon the 5-HT receptor-mediated hyperactivity. Pretreatments
with the B-adrenergic antagonist (-)propranolol almost totally inhibited the hyperactivity elicited by 5-
HTP182, ECS is known to increase the hyperactivity induced by the 5-HT2 receptor agonist quipazine.
Interestingly, this effect of ECS was shown to be abolished by previous lesioning of NA neurons with
6-OHDA181, Subsequent studies investigated several aspects of the so-called 5-HT syndrome: head-
twitch or head-weaving, forepaw treading, hindlimb abduction. These behaviors induced by either 5-
HTP or 5-HT?2 agonists (quipazine or 5-methoxydimethyltryptamine) were shown to be enhanced by
various $-adrenergic agonists (salbutamol, clenbuterol, terbutaline) and blocked by (-)propranolol or
by the selective P1-adrenergic antagonist metoprololi01.337, Finally, the facilitatory effect on sexual
behaviors of 5-methoxydimethyltryptamine was prevented by selective lesions of NA neurons with
DSP-4137,

NA appears to exert in parallel inhibitory effects on 5-HT behavioral responses through o:2-
adrenoceptors. Head-twitches induced by S-methoxydimethyltryptamine or 5-HTP were potently
inhibited by low doses of clonidine, and potentiated by the antagonists idazoxan and yohimbine202,
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These effects do not involve o2-adrenergic autoreceptors however, tut rather postsynaptic o2-
adrenoceptors as 6-OHDA or DSP-4 lesions enhanced the head-twitch behavior without altering the
inhibitory effect of clonidine202, NA also has antagonistic effects on 5-HT-induced suppression of pain.
Foot-shock-induced jumping in rats was shown to be decreased by different conditions that increase the
stimulation of postsynaptic 5-HT receptors, such as 5-HTP, 5-methoxydimethyltryptamine or 5-HT
reuptake inhibition with chlorimipramine331, The analgesic effect of all these drugs was abolished by
pretreatments with either clonidine or with the NA releaser methamphetamine331, Direct application of
5-HT inthe hippocampus dose-dependently decreased the behavioral reactivity to hotplate or footshock,
but mixed application of 5-HT and NA did not have this effect156. Spinal NA depletion with 6-OHDA
or DSP-4 abolished and even reversed the analgesic effects of S-methoxydimethyltryptarine in shock
titration, hot-plate and tail-flick measures of pain sensitivity22,

There are also behavioral data suggesting that 5-HT may have a facilitating effect on NA terminals.
Clonidine is known to produce hypoactivity or sedation via an inhibitory effect on NA neurons through
the activation of o2-adrenergic autoreceptors2%3, Considering that this sedative effect of clonidine was
shown to be potentiated by 5-HT denervation with 5,7-DHT201, it might be argued that 5-HT normally
exerts an enhancing effect on NA release in some brain areas, which would counteract the inhibitory
effect of clonidine at or2-adrenergic autoreceptors. Itis also irteresting to note that long-term treatments
with noradrenergic reuptake blockers (or MAOIs) decrease the sedative effect of clonidine204.205,297
and that this effect was shown to be prevented by a 5,7-DHT pretreatment20%,

9.4. Evidence for interconnections betwzen 5-HT neurons of the mesencephalic raphe nucleiand NA
neurons of the locus coeruleus

Ample evidence irdicates that the DR is the target of NA projections from the LC. Several
techniques including fluorescence histochemistry, retrograde tracing with horsedish peroxidase, and
elec.ron microscopy autoradiography have shown that 5-HT neurons in the DR are heavily innervated
by NA projections from the LC17.29,154,273,374, Furthermore, the DR area was shown to display a dense
labeling with the two a.1-adrenoceptor ligands [3H]WB4101 and [3H]prazosin#43, The noradrenergic
input was reported to be excitatory in chloral hydrate-anesthetized rats since microiontophoretic
application of 0.1-adrenergic antagonistsin the DR areadecrease the firing rate of 5-HT neurons, whereas
o1-adrenergic agonistsrestore this firing activity27-28, It is noteworthy, however, thatmicroiontophoretic
applications of NA orphenylephrine have noeffect by themselves, suggesting a maximal tonic activation
of a1-adrenoceptors under basal conditions252:431, Reserpine, which induces depletions of both 5-HT
and NA, suppressed 5-HT neurons' firing30, This effect of reserpine was shown to be prevented by 6-
OHDA lesions of NA terminals and reversed by amphetamine, areleaser of endogenous NA30, Agents
acting at a2-adrenoceptors have the opposite effect on DR 5-HT neurons' firing activity. Indeed,
intravenous administration of agonists acting at these receptors (clonidine, oxaminozoline) suppressed
5-HT neuronal discharges!19.431, whereas the selective o:2-adrenoceptor antagonists idazoxan and
(Dremeron enhanced by themselves the firing activity of these neurons152:159,186, The effect of
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clonidine is mediated by the activation of ¢2-adrenergic autoreceptors, which would decrease the
endogenous NA excitatory input at cj-adrenoceptors on the DR, because it was prevented by 6-OHDA
lesions of NA neurons43l, However in other conditions, clonidine might also act directly at o2-
adrenoceptors, located in the somatodendritic regions of DR 5-HT neurons, to inhibit cell firing as well
as the release of 5-HT150.257, Clonidine and 6-OHDA pretreatments were also shown to increase
intracellular 5-HT histochemical fluorescence in the DR area, most likely through a decrease in the
release of 5-HT162,

The excitatory action of a.1-adrenoceptors on the firing activity of DR 5-HT neurons was inferred
to be physiologically important because most of the DR 5-HT neurons in brain slices obtained from rats
ormice anesthetized with halothane prior to decapitation were silent in vitro unless NA or phenylephrine
were added into the medium?39.446, However, in brainslices frommice that were notanesthetized before
decapitation, 5-HT neurons were spontancously active and phenylephrine was inactive?39, Further-
more, antagonists acting at o1-adrenoceptors (WB4101, prazosin, phenoxybenzamine) or clonidine
produced strong behavioral effects in freely moving cats, but did not alter DR firing activity209, It thus
appears that although the excitatory NA input at DR 5-HT neurons occurs under some physiological
conditions, the continuous activity of LC NA neurons is not required in order to maintain DR 5-HT
neurons' firing activity232,

On the basis of some indirectdata (behavioral activity and S-HIAA concentration in terminal brain
areas) it has been suggested that LC NA neurons exert an inhibitory action on the activity of MR 5-HT
neurons124.353,354, Although there are NA terminals in the MR areal54 it ha~. ..ot been shown that these
projections originate from the LC. Furthermore, there is no electrophysiological indication that could
substantiate the above contention.

Visualisation of [3H)5-HT-labeled varicosities with high-resolution autoradiography264,
immunohistochemical localisation of tryptophan hydroxylase351 and horseradish peroxidase (HRP)
retrograde tracing84.394 sugpested the presence of 5-HT terminals at the dendritic level of LC NA
neurons. However, a recent study employing a more sensitive method, tracer wheat germ agglutinin-
conjugated HRP, did not find these serotonergic projections to the LC area23. Neuronal perikarya
containing 5-HT have beer found in the primate LC area?08, The presence of 5-HT markers in the LC
area might thus be explained in light of this evidence. It appears clear, nevertheless, that 5-HT exerts
an inhibitory effect on NA synthesis since lesions of several raphe nuclet, including the DR and MR,
increase tyrosine hydroxylase activity in the LC area278:2%9, There is alsoelectrophysiological evidence
that 5-HT might exert a suppressant effect on the spontaneous firing activity of LC NA neurons. There
is alow bt consistent binding to 5-HT} sites the LC area%62, Although microiontophoretic application
of 5-HT or 8-OHDPAT does not have any effect on LC NA neurons spontaneous activity, stimulation
of presynaptic 5-HT] receptors with 5-HT, TEMPP or 8-OHDPAT was shown to markedly decrease
glutamate activation of firing activity as well as glutamatergic synaptic potentials of LC NA neu-
rons65:91.171, This excitatory glutamatergic pathway connected to the LC and modulated by 5-HT most
likely originates from the paragigantocellularis nucleus25.65,
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Similarly to 5-HT1 ligands, local applications of 5-HT?2 agonists into the LC area do not change
the firing activity of NA neurons6.171. However, 5-HT2 agonists have a prominent modulatory effect
on the firing activity of LC NA neurons when administered intravenously. Indeed, mescaline, LSD and
(+)-DOI have been shown to potentiate the sensory-evoked activation of LC NA neurons, and these
responses were blocked by various 5-HT2 antagonists3.6.93, Interestingly, this response might also be
mediated indirectly by the glutamatergic pathway from the paragigantocellularis nucleus since it was
blocked by local application of a NMDA receptor antagonist, 2-amino-5-phosphonopentanoic acid?3.
Besides this potentiating effect on the sensory evoked activity, intravenously administered 5-HT2
agonists have also been shown to exert inhibitory effects on LC NA neurcns' spontaneous activity
through postsynaptic 5-HT2 receptors3:6.93.170.360, The latter inhibitory effects are mediated via
GABAergic fibers originating from the prepositus hypoglossal nucleus because they are blocked by local
LC application of the GABA antagonist bicuculline and are prevented by electrolytic lesions of the
prepositus hypoglossal nucleus93.171,

10. References

1. (1994) Diagnostic and statistical manual of mental disorders. Fourth Edition, American Psychiatric Association,
Washington,DC,

2. Abercrombie, E. D., R. W. Keller, and M. J. Zigmond. (1988) Characterization of hippocampal norepinephrine
release as measured by microdialysis perfusion; pharmacological and behavioral studies. Neuroscience 27:897.

3. Aghajanian, G. K. (1980} Mescaline and LSD facilitate the activation of locus coeruleus neurons by peripheral
stimuli. Brain Res. 186:492.

4. Aghajanian, G. K. and H. J. Haigler, (1974) L-Tryptophan as a selective histochemical marker for serotonergic
neurons in single-cell recording studies. Brain Res. 81:364.

5. Aghajanian, G. K. and J. M. Lakoski. (1584} Hyperpolarisation of serotonergic neurons by serotonin and LSD;
Studies in brain slices showing increased potassium conductance. Brain Res. 305:181.

6. Aghajanian, G. K., J. S. Sprouse, and K. Rasmussen. (1987) Physiology of the midbrain serotonin system, In
Psychopharmacology: The third generation of progress. H. Y, Meltzer, editor, Raven press, New York, 141-149..

7. Aghajaniun, G. K. and Y. -Y, Wang. (1986) Pertussis toxin blocks the outward currrents evoked by opiate and o2-
agonists in locus coeruleus neurons. Brain Res. 371:390,

8. Aghajanian, G. K. and Y. Y. Wang. (1987) Common (t2 and opiate effector mechanisms in the locus coeruleus:
intracellular studies in brain slices. Neuropharmacology 26:793.

9. Ahlquist, R. P. (1948) A study of the adrenergic receptors. Am. J. Physiol. 153:586.

10. Albert, P. R., Q. -Y. Zhou, H. H. M. Van tol, J. R. Bunzow, and O. Civelli. (1990) Cloning, functional expression,
and mRNA tissue distribution of the rat 5-hydroxytryptamineia receptor gene. J. Biol. Chem. 265:5825.

11. Aligaier, C., E. Agneter, T. J. Feuerstein, and E, A, Singer. (1992) Estimation of the biophase concentration of
noradrenaline at presynaptic a2-adrenoceptors in brain slices. Naunyn-Schmiedeberg's Arch. Pharmacol. 345:402.



[ - 44

12. Allgaier, C., T. J. Feuerstein, and G. Hertting. (1986) N-ethylmaleimide (NEM) diminishes a2-adrenoceptor
mediated effects on noradrenaline release. Naunyn-Schmiedeberg’ s Arch, Pharmacol, 333104,

13. Allgaier, C., T. J. Feuerstein, R. Jackisch, and G. Hertting. (1985) Islet-activating protein (pertussis toxin) dimin-
ishes az-adrenoceptor mediated effects on noradrenaline release. Naunyn-Schmiedeberg's Arch. Pharmacol. 331:235.

14, Allgaier, C., H. Repp, and G. Hertting. (1993) Effect of K* channel blockers on the o2-adrenoceptor-coupled
regulation of electrically evoked noradrenaline release in hippocampus. Naunyn-Schmiedeberg's Arch. Pharmacol.
347:14,

15. Alreja, M. and G. K. Aghajanian. (1991) Pacemaker activity of locus coeruleus neurons: whole cell recordings in
brain slices show dependence on cAMP and protein kinase A, Brain Res. 556:339.

16. Amin, A. H., T. B. B. Crawford, and 1. H. Gaddum. (1954) The distribution of substance P and 5-
hydroxytryptamine in the central nervous system of the dog. J. Physiol. (Lond.)126:596.

17. Anderson, C., D. Pasquier, W. Forbes, and P. Morgane, (1977) Locus coeruleus-to-dorsal raphe input examined
by electrophysiological and morphological methods. Brain Res. Bull. 2:209,

18. Andrade, R. (1992) Electrophysiology of 5-HT1A receptors in the rat hippocampus and cortex. Drug Dev. Res.
26:275,

19. Andrade, R. and G. K. Aghajanian, (1985) Opiate- and o2-adrenoceptor-induced hyperpolarizations of locus
ceruleus neurons in brain slices: reversal by cyclic adenosine 3':5'-monophosphate analogues. J. Neurosci. 5:2359.

20. Andrade, R, and Y. Chaput, (1991) 5-HT}4 like receptors mediate the slow excitatory response to serotonin in the
rat hippocampus. J. Pharmacol. Exp. Ther. 257:930.

21. Andrade, R, and R. A, Nicoll, (1987) Pharmacologically distinct actions of serotonin on single pyramidal neu-
rones of the rat hippocampus recorded in vitro. J. Physiol, (Lond) 394:99,

22. Archer, T., G. Jonsson, B. G. Minor, and C. Post. (1986) Noradrenergic-serotonergic interactions and nociception
in the rat. Eur. J. Pharmacol. 120:295.

23. Asnis, G. M., §. Wetzler, W. C. Sanderson, R. S. Kahn, and H. M. van Praag. (1992) Functional interrelationship
of serotonin and norepinephrine: Cortisol response 10 mCPP and DMI in patients with panic disorder, paticnts with
depression, and normal control subjects. Psychiat. Res. 43:65.

24, Aston-Jones, G. and F. E. Bloom. (1981} Activity of NA containing locus coeruleus neurons in behaving rats
anticipates fluctuations in the sleep waking cycle. J. Neurosci. 1:876.

25, Aston-Jones, G., M. Ennis, W. A. Pieribone, W. T. Nickell, and M. T. Shipley. (1986} The brain nucleus locus
coeruleus: restricted afferent control of a broad efferent network. Science 234:734,

26. Azmitia, E. C. and M. Segal. (1978) An autoradiographic analysis of the differential ascending projections of the
dorsal and median raphe nuclei in the rat. J. Comp. Neurol, 179:641,

27. Baraban, J. M. and G. K. Aghajanian. (1980) Suppression of serotonergic neurconal firing by a-adrenoceptor
antagonists: evidence against GABA mediation, Eur. J. Pharmacol, 66:287,

28. Baraban, J. M. and G. K. Aghajanian. (1980) Suppression of firing activity of 5-HT neurons in the dorsal raphe by
alpha-adrenoceptor antagonists, Neuropharmacology 19:355.

29, Baraban, J, M. and G. K. Aghajanian, (1981) Noradrenergic innervation of serotonergic neurons in the dorsal
raphe: Demonstration by electron microscopic autoradiography, Brain Res, 204:1.



I- 45

0. Baraban, J. M., R. Y. Wang, and G. K. Aghajanian, (1978) Reserpine suppression of dorsal raphe neuronal firing:
mediation by adrenergic system, Eur. J, Pharmacol. 52:27.

1. Barbaccia, M. L., N. Bruneilo, D, M, Chuang, and E. Costa. (1983) On the mode of action of imipramine:
Relationship between serotonergic axon terminal function and down-regulation of B-adrenergic receptors.
Neuropharmacology 22:373.

32. Barturen, F. and J. A. Garcia-Sevilla. (1992) Long term treatment with desipramine increases the turnover of a2-
adrenoceptors in the rat brain, Mol. Pharmacol. 42:846,

33. Bauer, M. E. and S. M. Tejani-Butt. (1992) Effects of repeated administration of desipramine or clectroconvul-
sive shock on norepinephrine uptake sites measured by [ Hinisoxetine autoradiography. Brain Res. 582:208,

34, Baumann, P, A. and P. C. Waldmeier. (1981) Further evidence for negative feedback control of serotonin release
in the central nervous system. Naunyn-Schmiedeberg's Arch. Pharmacol. 317:36.

35. Beck, A. T. (1967) Depression: Clinical, experimental and theoritical aspects. Harper & Row, New York,

36. Beck, S. G. (1992) 5-Hydroxytryptamine increases excitability of CA1 hippocampal pyramidal cells. Synapse
10:334,

37. Beck, S. G., W. P. Clarke, and J. Goldfard, (1985) Spiperone differentiates multiple 5-hydroxytryptamine re-
sponses in rat hippocampal slices in vitro. Eur. J. Pharmacol. 116:195.

8. Beck, S. G. and J. Goldfarb, (1985) Serotonin produces a reversible concentration dependent decrease of popula-
tion spikes in rat hippocampal slices. Life Sci. 36:557.

39. Beck, S. G. and P. M. Halloran. (1989) Imipramine alters -adrenergic, but not serotonergic mediated responses
in rat hippocampal pyramidal cells. Brain Res. 504:72.

40, Bijak, M. (1989) Antidepressant drugs potentiate the o:1-adrenoceptor effect in hippocampal slices, Eur. J.
Pharmacol. 166:183.

41. Blier, P. (1991) Terminal serotonin autoreceptor function in the rat hippocampus is not modified by pertussis and
cholera toxins. Naunyn-Schmiedeberg's Arch. Pharmacol. 344:160,

42, Blier, P. and C. Boucnard. (1992) Effect of repeated electroconvulsive shocks on serotonergic neurons. Eur. J.
Pharmacol. 211:365.

43. Blier, P. and C. Bouchard, (1993) Functional characterization of a 5-HT'3 receptor which modulates the release of
5 'T in the guinea-pig brain. Br, J. Pharmacol, 108:13.

44, Blier, P. and C. Bouchard, (1994) Modulation of 5-HT release in the guinea pig brain following long-term
administration of antidepressant drugs, Br. J. Pharmacol. (in press)

45, Blier, P., Y. Chaput, and C. de Montigny. (1988) Long-term 5-HT reuptake blockade, but not monoamine oxidase
inhibition, decreases the function of terminal 5-HT autoreceptors: an electrophysiological study in the rat brain,
Naunyn-Schmiedeberg's Arch, Pharmacol. 337:246.

46. Blier, P., 0. Curet, Y. Chaput, and C. de Montigny. (1991) Tandospirone and its metabolite, 1-(2-pyrimidinyl)-
piperazine-II. Effects of acute administration of 1-PP and long-term administration of tandospirone on noradrenergic
neurotransmission. Neuropharmacology 7:691.

47. Blier, P. and C. de Montigny. (1980) Effect of chronic tricyclic antidepressant treatment on the serotonergic
autoreceptor: a microiontophoretic study in the rat. Naunyn-Schmiedeberg' s Arch, Pharmacol. 314;123,



1 - 46

48, Blier, P. and C. de Montigny. (1983) Electrophysiological investigations on the effect of repeated zimelidine
administration on serotonergic neurotransmission in the rat. J. Neurosci. 3:1270,

49, Blier, P. and C. de Montigny. (1985) Short-term lithium administration enhances serotonergic neurotransmission:
Electrophysiological evidence in the rat CNS, Eur. J. Pharmacol, 113:69,

50. Blier, P. and C. de Montigny. (1985) Serotonergic but not noradrenergic neurons in rat central nervous system
adapt to long-term treatment with monoamine oxidase inhibitors. Neurascience 16:949,

51. Blier, P. and C. de Montigny. (1987) Modification of 5-HT neuron propertics by sustained administration of the
5-HT1a agonist gepirone: electrophysiological studies in the rat brain, Synapse 1:470.

52. Blier, P. and C. de Montigny. (1987) Antidepressant monoamine oxidase inhibitors enhance serotonin but not
norepinephrine neurotransmission. Psychopharmacol. Series 3:127.

53. Blier, P. and C. de Montigny. (1990} Differential effect of gepirone on presynaptic and postsynaptic serotonin
receptors: single-cell recording studies. J. Clin. Psychopharmacol. 10:138.

54, Blier, P., C. de Montigny, and A. Azzaro, (1986) Modification of serotonergic and noradrenergic
neurotransmissions by repeated administration of monoamine oxidase inhibitors: Electrophysiological studies in the
rat central nervous system, J. Pharmacol, Exp. Ther. 237.987.

55. Blier, P., C. de Montigny, and A, Azzaro. (1986) Effect of repeated amiflamine administration on scrotonergic
and noradrenergic neurotransmission: Electrophysiological studies in the rat CNS. Naunyn-Schmiedeberg's Arch,
Pharmacol. 334:253.

56. Blier, P., C. de Montigny, and Y. Chaput. (1987} Modifications of the serotonin system by antidepressant treat-
ments: implications for the therapeutic response in major depression. J. Clin. Psychopharmacol. 7:2485.

57. Blier, P., C. de Montigny, and Y. Chaput. (1990} A role for the serotonin system in the mechanism of action of
antidepressant treatments: preclinical evidence. J. Clin. Psychiatry. 51 Suppl:14.

58. Blier, P., C. de Montigny, and D. Tardif. (1984) Effects of the two antidepressant drugs mianserin and indalpine
on the serotonergic sysiem: Single-cell studies in the rat. Psychopharmacology 84:242.

59. Blier, P., A. M. Galzin, and S. Z. Langer. {1990) Interaction between serotonin uptake inhibitors and alpha-2
adrenergic heteroreceptors in the rat hypothalamus. J. Pharmacol. Exp. Ther. 254:236.

60. Blier, P., A. Lista, and C. de Montigny. (1993) Differential properties of pre- and postsynaptic 5-
hydroxytryptiamine; A receptors in the dorsal raphe and hippocampus: II. Effect of pertussis and cholera toxins. J.
Pharmacol. Exp. Ther. 265:16.

61, Blier, P, A, Lista, and C. de Montigny, (1993) Differential properties of pre- and postsynaptic 5-

hydrox. ytryptamine) A receptors in the dorsal raphe and hippocampus: effect of spiperone. J. Pharmacol. Exp. Ther.
265:7.

62. Blier, P., P. J. Monroe, C. Bouchard, D. L. Smith, and D. J, Smith. (1993) 5-HT3 receptors which modulate
[3H]5-HT release in the guinea pig hypothalamus are niot autoreceptors. Synapse 15:143,

63. Blier, P., A. Serrano, and B. Scatton. (1990) Differential responsiveness of the rat dorsal and median raphe 5-HT
systems to 5-HT) receptor agonists and p-chloroamphetamine. Synapse 5:120.

64. Blier, P., S. Steinberg, Y. Chaput, and C. de Montigny. (1989) Electrophysiological assessment of putative

antagonists of 5-hydroxytryptamine receptors: a single-cell study in the rat dorsal raphe nucleus. Can. J. Physiol.
Pharmacol. 67:98.



I - 47

65. Bobker, D. H. and J. T. Williams. (1989) Serotonin agonists inhibit synaptic potentials in the rat locus coeruleus
in vitro via 5-HT1a and 5-HT\p receptors. J. Pharmacol. Exp. Ther. 250:37.

66. Boess, E. G. and I. L. Martin. (1994) Molecular biology of 5-HT receptors. Neuropharmacology 33:275.

67. Bousquet, P., G. Bricca, M. Dontenwill, J. Feldman, H. Greney, A. Belcourt, J. Stutzmann, and E. Tibiriga.
(1992) From the oz-adrenoceptors to the imidazoline preferring receptors, Fundam. Clin, Pharmacol. 6 Suppl. 1:15s.

68. Bouthillier, A., P. Blicr, and C. de Montigny. {1991) Flerobuterol, a #-adrenoceptor agonist, enhances
serotonergic neurotransmission: an electrophysiological study in the rat brain. Psyckopharmacology 103:357.

69. Bowyer, J. F. and N. Weiner. (1990) az-Adrenergic inhibition of calcium-evoked 3H-norepinephrine release
from synaptosomes is blocked by depolarization. J. Pharmacol. Exp. Ther. 253:1063.

70. Bradley, P. B., G. Engel, W. Feniuk, J. R. Fozard, P. P. Humphrey, D. N. Middlemiss, E. J. Mylecharane, B, P.
Richardson, and P. R. Saxena. (1986) Proposals for the classification and nomenclature of functional receptors for 5-
hydroxytryptamine. Neuropharmoralogy 25:563.

71. Brady, L. S., P. W. Gold, M. Herkcnham, A, B. Lynn, and H. J. Whitfield,Jr.. (1992) The antidepressants
fluoxetine, idazoxan and phenelzine alter corticotropin-releasing hormone and tyrosine hydroxylase mRNA levels in
rat brain: therapeutic implications. Brain Res. 572:117.

72. Brady, L. S., H. J. Whitfield Jr., R. J. Fox, P. W, Gold, and M. Hetkenham. (1991) Long-term antidepressant
administration alters corticotropin-releasing hormone, tyrosine hydroxylase, and mineralocorticoid receptor gene
expression in rat brain. Therapeutic implications. J. Clin. Invest. 87:831.

73. Bricca, G., M. Dontenwill, A. Molines, J. Feldman, A. Belcoust, and P. Bousquel. (1988) The imidazoline
preferring receptor: binding studies in bovine, rat and human brainstem. Eur. J. Pharmacol. 150:401.

74, Broderick, P. A. and M. F. Piercey. (1991) 5-HT1a agonists uncouple noradrenergic somatodendritic impulse
flow and terminal release. Brain Res. Bull. 27:693.

75. Brodie, B. B. and P. A. Shore. (1957) A concept for a role of serotonin and norepinephrine as chemical mediators
in the brain, Ann. N, Y, Acad. Sci. 66:631.

76. Brown, T. H. and A. M. Zador. (1990) Hippocampus. In The synaptic organization of the brain. G. M. Shepherd,
editor. Oxford University Press, New York. 346-388.

77. Brunello, N., M. L. Barbaccia, D. M. Chuang, and E. Costa. (1982) Down-regulation of B-adrenergic recepiors
following repeated injections of desmethylimipramine; permissive role of serotonergic axons. Neuropharmacology
21:1145,

78. Burgard, E. C., G. Decker, and J. M., Sarvey. (1989) NMDA receptor antagonists block norepinephrine-induced
long-lasting potentiation and long-term potentiation in rat dentate gyrus. Brain Res. 482:351,

79. Bumet, P. W, J., D. Michelson, M. A. Smith, P, W. Gold, and E. M. Stemberg. (1994) The effect of chronic
imipramine administration on the densities of 5-HT1A and 5-HT?2 receptors and the abundancies of 5-HT receptor and
transporter mRNA in the cortex, hippocampus and dorsal raphe of three strains of rat. Brain Res, 638:311.

80. Cage, F. H., A, Bjtrklund, and U, Stenevi. (1983) Reinnervation of the partially deafferented hippocampus by
compensatory collateral sprouting from spared cholinergic and noradrenergic afferents. Brain Res. 268:27.

81. Campbell, I. C. and R. M. McKeman. (1986) Clorgyline and desipramine alter the sensitivity of
[3H]noradrenaline release to calcium but not to clonidine. Brain Res. 372:253.

82, Cannon, W, B, and J. E. Uridil. (1921) Studies on the conditions of activity ‘n endocrine glands. VIII. Some
effects on the denervated heart of stimulating the nerves of the liver. Am. J. Piysiol. 58:353.



I - 48

83. Cedarbaum, J. M. and G. K. Aghajanian. (1976) Noradrenergic neurons of the lucus coeruleus: Inhibition by
epinephrine and activation by o-antagonist piperoxane. Brain Res. 112:413,

84, Cedarbaum, J. M. and G. K. Aghajanian. (1978) Afferent projections to the rat locus coeruleus as determined by a
retrograde technique. J. Comp. Neurol. 178:1.

85. Chaput, Y., R. C. Araneda, and R. Andrade. (1990) Pharmacological and functional analysis of a novel scrotonin
receptor in the rat hippocampus. Eur. J. Pharmacol, 182:441,

86. Chaput, Y., P. Blier, and C. de Montigny. (1986) In vivo electrophysiological evidence for the regulatory role of
autoreceptors on serotonergic terminals, J. Neurosci. 6:2796.

87. Chaput, Y. and C. de Montigny. (1988) Effects of the 5-HT| receptor antagonist, BMY7378, on 5-HT
neurctransmission: Electrophysiological studies in the rat central nervous system. J. Pharmacol, Exp. Ther. 246:359,

88. Chapat, Y. and C. de Montigny. (1988) Effecis of the 5-hydroxytryptamine receplor antagonist, BMY 7378, on 5-
hydroxytryptamine neurotransmission: Electrophysiological studies in the rat central nervous system. J. Pharmacol.
Exp. Ther, 246:359,

89. Chaput, Y., C. de Montigny, and P. Blier, (1986) 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 Arch.
Pharmacol. 333:342,

90. Chaput, Y., C. de Montigny, and P. Blier. (1991) Presynaptic and postsynaptic modifications of the serotonin
system by long-term administration of antidepressant treatments: An in vivo electrophysiologic study in the rat.
Neuropsychopharmacology. 5:219.

91. Charlety, P. J., G. Aston-Jones, H. Akaoka, M. Buda, and G. Chouvet. (1991) 5-HT decreases glutamite-evoked
activation of locus coeruleus neurons through 5-HT1a receptors. Comp. Rend. Acad. Sei. 312:421.

92. Cheetham, S. C., M. R. Crompton, C. L. E, Katona, and R, W. Horton, (1990) Brain 5-HT) binding sites in
depressed suicides. Psychopharmacology 102:544.

93, Chiang, C. and G. Aston-Jones. (1993) A 5-hydroxytryptaminez agonist augments y-aminobutyric acid and
excitatory amino acid inputs to noradrenergic tocus coeruleus neurons, Neuroscience 54:409.

94, Clarke, W, P., M. De Vivo, 8. G. Beck, S. Maayani, and J. Goldfarb. (1987) Serotonin decrcascs population spike
amplitude in hippocampal cells through a pertussis toxin substrate, Brain Res. 410:357.

95. Cohen, R. M., R, P, Ebsstein, J, W. Daly, and D, L. Murphy. (1982) Chronic effects of a moncamine oxidase
inhibiting antidepressant: decrease in functional alpha-adrenergic autoreceptors precede the decrease in
norepinephrine-stimulated cyclic adenosine 3:5'-monophosphate systems in rat brain. J. Neurosci. 2:1588.

96. Colino, A. and J. V. Halliwell, (1986) 8-OH-DPAT is a strong antagonist of 5-HT action in rat hippocampus, Eur.
J. Pharmacol. 130:151.

97. Colino, A. and J. V, Halliwell. (1987) Differential modulation of three separale potassium-conductances in
hippocampal CA1 neurons by serotonin. Nature 328:73.

98. Conrad, L. C. A., C. M. Leonard, and D. W, Pfaff, (1974) Connections of the median and dorsal raphe auclei in
the rat: An autoradiographic and degeneration study. J. Comp. Neurol. 156:179,

99. Cooper, J. R.,F. E. Bloom, and R, H. Roth. (1991) The biochemical basis of neuropharmacology. Oxford, New
York. 220-379.

1.0, Comadetti, R., L. Ballerini, A. M, Pugliese, and G. Pepeu. (1992) Serotonin blocks the long-term potentiation
induced by primed burst stimulation in the CA) region of rat hipporampal slices. Neuroscience 46:511.



I- 49

101. Cowen, P. J., D. G. Grahame-Smith, A. R. Green, and D. J. Heal. (1982) B-Adrenoceplor agonists enhance 5-
hydroxytryptamine-mediated behavioral responses. Br. J. Pharmacol. 76:263.

102. Curet, O. and C. de Montigny. (1988) Electrophysiological characterization of adrenoceptors in the rat dorsal
hippocampus. I Receptors mediating the effect of synaptically released norepinephrine. Brain Res. 475:47.

103. Curet, O. and C. de Montigny. (1988) Electrophysiological characterization of adrenoceptors in the rat dorsal
hippocampus. I. Receptors mediating the effect of sicroiontophoretically applied norepinephrine, Brain Res. 475:35.

104. Curet, Q. and C. de Montigny. (1989) Electrophysiological characterization of adrenoceptors in the rat dorsal
hippocampus. 111. Evidence for the physiological role of terminal o:2-adrenergic autoreceptors. Brain Res, 499:18.

105. Curet, O., C. de Montigny, and P. Blier. (1992) Effect of desipramine and amphetamine on noradrenergic
neurotransmission; electrophysiological studies in the rat brain, Eur. J. Pharmacol.

106. Curet, O., T. Dennis, and B. Scatton. (1987) Evidence for the involvement of presynaptic co:z-adrenoceptors in
the regulation of norepinephrine metabolism in the rat brain. J. Pharmacol. Exp. Ther. 240:327.

107, Curtis, A. L. and R. J. Valentino. (1991) Acute and chronic effects of the atypical antidepressant, mianserin on
brain noradrenergic nevrons. Psychopharmacology 103:330.

108. Dahl, D. and J. M. Sarvey. (1989) Norepinephrine induces pathway-specific long-lasting potentiation and depres-
sion in the hippocampal dentate gyrus. Proc. Natl, Acad. Sci. U. § A, 86:4776.

109, Dahl, D. and J. Winson. (1985) Action of norepinephrine in the dentate gyrus. 1. Stimulation of locus coeruleus.
Exp. Brain Res. 59:491.

110. de Montigny, C. (1984) Electroconvulsive shock treatments enhance responsiveness of forebrain neurons to
serolonin, J, Pharmacol. Exp, Ther, 228:230.

111, de Montigny, C. and G. K. Aghajunian. {1978) Tricyclic antidepressants: Long-term treatment increases
responsivity of rat forebrain neurons to serotonin. Science 202:1303.

1t2, de Montigny, C,, P. Blier, G. Caille, and E. Kouassi, (1981) Pre- and postsynaptic ~ffect of zimelidine and
norzimelidine on the scrotonergic system: Single cells study in the rat, Acta Psychiatr. Scand. 63 suppl. 290:79.

113. De Vivo, M. and S. Maayani. (1986) Characterization of the 5-hydroxytryptamine; A receptor-mediated inhibition
of forskolin-stimulated adenylate cyclase activity in guinea pig and rat hippocampal membranes. J. Pharmacol. Exp.
Ther. 238:248,

114. Deakin, J. F., F. G. Cracff, and F. Guimaraes. (1992) 5-HT receptor subtypes and the modulation of aversion. In
Central serotonin receptors and psychotropic drugs. C. . Marsden and D, J, Heal, editors. Blackwell, London. 147-
174,

115, Deakin, J. F. W. (1989) 5-HT reccptor subtypes in depression. In Behavioural pharmacology of 5-HT. P. Beram,
A. R. Cools, and T. Archer, editors. Hillsdale, New Jersey. 179-204,

116. Descarries, L., K. D. Watkins, and Y. Lapierre. (1977) Noradrenergic axon terminals in the cerebral cortex of rat.
II1. Topometric ultrastructurai analysis. Brain Res. 133:197,

117, Dijcks.F. A..G. S. Ruigt, and J. 8. De Graaf, (1991) Antidepressants affect amine modulation of
neurotransmission in the rat hippocampal slice—I. Delayed effects. Neuropharmacology 30:1141.

118, Doze, V. A., G. A. Cohen, and D. V., Madison. (1991) Synaptic localization of adrenergic disinhibition in the rat
hippocampus. Neuron 6:889.



119. Dresse, A. and J. Scuvee Moreau, (1986) Influence of the o2 agonist oxaminozoline (§3341) on firing rate of

central noradrenergic and serotonergic neurons in the rat. Comparison with clonidine. Arch. Ins. Physiol. Biochim.
94:99,

120. Dumuis, A., R. Bouhelal, M. Sebben, and J. Bockaert. (1988) A 5-HT receptor in the central nervous system,
positively coupled with adenylate cyclase, is antagonized by ICS 205930, Eur. J. Pharmacol. 146:187,

121, Dumuis, A., R. Bouhelal, M. Sebben, R. Cory, and J. Bockaert. (1983) A nonclassical 5-hydroxytryptamine
receptor positively coupled with adenylate cyclase in the central nervous system. Mol. Pharmacol, 34:880,

122. Dumuis, A., M. Sebben, and J. Bockaert. (1988) Pharmacology of 5-hydroxytryptamine-t A receptors which
inhibit cAMP production in hippocampal and cortical neurons in primary culture. Mol, Pharmacol. 33:178.

123, Duncan, G. E., I. A. Paul, K. R. Powell, J, B. Fassberg, W. E. Stumpf, and G. R. Breese, {1989)
Neuroanatomically selective down-regulation of beta adrenergic receptors by chronic imipramine treatment: relation-
ships to the topography of [3H]imipramine and [3H] desipramine binding sites. J. Pharmacol. Exp. Ther. 248:470.

124. Dyr, W., W. Kostowski, B, Zacharski, and A. Bidzinski, (1983) differential clonidine effects on EEG following
lesions of the dorsal and median raphe nuclei in rats. Pharmacol, Biochem. Behav. 19:177.

125. Ebert, M. H,, R. J. Baldessarini, L., F. Lipinski, and K. Berv. {1973) Effects of clectroconvulsive scizures on
amine metabolism in the rat brain, Arch. Gen. Psychiatry 29:3917.

126, Eichenbaum, H. and T. Otto. {1993) LTP and memory: can we enhance the connection? Trends Neurosci.
16:163.

127. Ellison, D. W. and I. C. Campbell. {1986) Studies on the role of ¢tz-adrenoceptors in the control of synaptosomal
3H-5-hydroxytryptamine release: effects of antidepressamt drugs. J. Neuwrochen:. 46:218.

128, Elmes, D, G., L. E, Jarrard, and P. D, Swart, (1975) Helplessness in hippocampectomised rats: response
perseveration? Physiol. Psychol, 3:51.

129. Engberg, G. (1989) A metabollite of buspirone increases locus coeruleus activity via az-receptor blockage. J.
Neural Transm, 76:91.

130. Engbery, G. and E. Eriksson. (1991) Effects of az-adrenoceptor agonists on locus coeruleys firing rate and brain
noradrenaline turnover in N-ethoxycarbonyl-2ethoxy-1,2-dihydroquinoline (EEDQ)-treated rats. Naunyn-
Schiniedeberg's Arch. Pharmacol, 343:472,

131, Engel, G., M. Gothert, D, Hoyer, E. Schlicker, and K. Hillenbrand. (1986) Identity of inhibitory presynaptic 5-

hydroxytryplamine (5-HT) autoreceptors in the rat brain cortex with 5-HT1a binding sites. Naunyn-Schmiedeberg's
Arch. Pharmacol. 332:1,

132, Engel, I., L. C, F. Hanson, and B. -E. Roos. (1971) Effect of electroshock on 5-HT metabolism in rat brain.
Psychopharmacology 20:191,

133, Emsberger, P. R., M. P. Meeley, J. J. Mann, and D. J. Reis. (1987) Clonidine binds to imidazole binding sites as
well as oz-adrenoceptors in the ventrolateral medulla. Eur. J. Pharmacol. 134:1,

134. Ernsberger, P. R., K. L. Westbrooks, M. O, Christen, and S. G. Schafer. (1992) A second generation of centrally
acting antihypertensive agents act on putative I1-imidazoline receptors. J. Cardiovasc. Pharmacol. 20;51.

135. Euler, U. S. (1954) Adrenaline and noradrenaline, Distribution and action. Pharmacol, Rev. 6:15.

136. Fanelli, R. J. and K. McMonagle-Strucko. (1992) Alteration of 5-HT14 receptor binding sites following chronic
treatrnent with ipsapirone measured by quantitative autoradiography. Synapse 12:75.



I-51

137. Femnandez-Guasti, A., S. Hansen, T. Archer, and G. Jonssen. (1985) Noradrenaline-serotonin interaction in the
control of sexual behavior in the male rat: DSP4-induced noradrenaline depletion antagonizes the facilitory effect of
serolonin receptor agonists, Brain Res. 377:112.

138, Feuerstein, T. J., C. Allgaier, and G. Hertiing, (1987) Possible involvement of protein kinase C (PKC) in the
regulation of electrically evoked serotonin (5-HT) release from rabbit hippocampal slices. Eur. J. Pharmacol.
139:267.

139. Peuerstein, T. J., G. Hertting, and R. Jackisch. (1985) Endogenous noradrenaline as modulator of hippocampal 5-
HT release, Naunyn-Schmiedeberg's Arch. Pharmacol. 329:216.

140. Feuerstein, T. J., A. Lupp, and G. Hertting. (1987) The serotonin {5-HT) autoreceptor in the hippocampus of the
rabbit: role of 5-HT biophase concentration. Neuropharmacology 26:1071.

141, Feuerstein, T. J., E. Neuschwander, W. Sauermann, and A. Lupp. (1991) The conditions of calcium entry via L-
type channels for induction of serotonin release from rabbit hippocampus. Eur. J. Pharmacol. 198:37.

142. Finberg, J. P. M., G. Ari, G. Lavian, and D. Hovevey-Sion, (1990) Modification of o2-presynaptic receptor
activity and catecholamine release following chronic MAO inhibition. J. Neural Transm. suppl. 32:405.

143, Finberg, J, P. M. and A. Tal. (1985) Reduced peripheral presynaptic adrenoceptor sensitivity following chronic
antidepressant treatment in rats, Br. J. Pharmacol. 84:609.

144, Finberg, J. P. M. and M. B, H. Youdim. (1983) Selective MAQ A and B inhibitors: Their mechanism of action
and pharmacology. Neuropharmacology 22:441.

145, Fischette, C, T., B. Nock, and K, Renner, (1987) Effects of 5,7-dihydroxytryplamine on serotonin; and
serotonin: receptors throughout the rat central nervous system using quantitative autoradiography. Brain Res. 421:263.

146, Fowler, C. J., W. Danysz, and T. Archer. (1986) Noradrenaline-stimulated inositol phospholipid breakdown as a
measure of a1-adrencceplor function in rat Lippocampal miniprisms after repeated antidepressant treatment. J. Neural
Transm. 66:197.

147. Frances, A., D. Manning, D. Marin, J. Kocsis, K. McKinney, W. Hall, and M, Kline. (1992) Relationship of
anxiety and depression, Psychopharmacology 106 Suppl..:S82.

148. Frankhuijzen, A. L. and A. H. Mulder. (1980) Noradrenaline inhibits depolarization-induced 3H-5-HT release
from slices of rat hippocampus. Eur. J. Pharmacol. 63:179.

149, Frankhuijzen, A. L. and A, H. Mulder. (1982) Pharmacological characterization of presynaptic alpha-
adrenoceptors modulating 3H-NA and 3H-5-HT release form slices of the hippocampus of the rat. Eur. J, Pharmaco!,
81.97.

150. Frankhuijzen, A. L., G. Wardeh, F. Hogenboom, and A. H, Mulder. (1988) oz-Adrenoceptor mediated inhibition
of the release of radiolabelled 5-hydroxytryptamine and noradrenaline from slices of the dorsal region of the rat brain,
Naunyn-Schmiedeberg's Arch, Pharmacol. 337:255.

I51. F-azer, A. and J. G. Hensler. (1994) Serotonin. In Basic Neurochemistry: Molecular, cellular, and medical
aspects. Q. J. Siegel, B, W, Agranoff, R. W. Albers, and P. B. Molinoff, editors. Raven, New York. 283-308.

152, Freedman, J. E. and G. K. Aghajanian, (1984) Idazoxan selectively antagonizes o-adsenoceptors on rat central
neurons, Eur. J. Pharmacol. 105:265.

153. Freund, T. F,, A. L. Gulyas, L. Acsady, T. Gores, and K. Toth. (1990) Serotonergic control of the hippocampus
via local inhibitory intemevrons. Proc. Natl, Acad. Sci. U. S A. 87:8501.

154, Fuxe, K. (1965) The distribution of monoamine terminals in the central nervous system. Acta Physiol. Scand. 64
(Suppl. 247):37.



[- 52

155. Gaddum, J. H. (1953) Antagonism between LSD and 5-hydroxytyptamine. J, Physiol. (Lond.) 121:15p.

156. Gage, F. H. and J. E. Springer. (1981) Behavioral assessment of norepinephrine and serotonin function and
interaction in the hippocampal formation. Pharmacol. Biochem. Behav. 14:815.

157. Gallager, D. W. and W, E. Bunney, (1979) Failure of chronic lithium treatment to block tricyclic antidcpressant-
induced 5-HT supersensitivity. Naunyn-Schmiedeberg’s Arch. Pharmacol. 307:129,

158. Galzin, A. M., M. F. Poirier, A. Lista, J. P. Chodkiewicz, P. Blier, R, Ramdine, Loo H;, F. X. Roux, A. Redondo,
and S. Z. Langer. (1992) Characterization of the 5-hydroxytryptamine receptor modulating the release of [3H]5-
hydroxytryptamine in slices of the human neocortex. J. Neurochem. 59:1293.

159. Garratt, J. C., F. Crespi, R. Mason, and C, A, Marsden. (1991) Effects of idazoxan on dorsal raphe 5-
hydroxytryptamine neuronal function. Eur. J. Pharmacol. 193:87.

160. Gerald, C., N. Adham, H. T. Kao, L. E. Schechter, M. A. Olsen, J. A. Bard, T. M. Laz, P. J. J. Vaysse, T. A.
Branchek, and R. L. Weinshank, (1994) The 5-HTs receptor: Molecular cloning of two splice variants, [UPHAR
satellite meeting on serotonin 3:54.

161. Gershon, E. S., Berrettini, W., Nurnberger, J. Jr., Goldin L.R. (1987) The search for genetic markers in affective

disorders. In Psychopharmacology: The third generation of pragress. H. Y. Melzer, editor. Raven press, New York.
481-492,

162. Geyer, M. A, and E. H. Lee. {1984) Effects of clonidine, piperoxane and locus coeruleus lesion on the
serotonergic and dopaminergic systems in raphe and caudate nucleus. Biochem. Pharmacel, 33:3399,

163. Gillespie, D. D., D. H. Manier, E. Sanders-Bush, and F. Sulser. (1988) The serotonin/norepincphrine-link in

brain, II Role of serotonin in the regulation of B-adrenoceptors in the low agonist affinity conformation. J. Pharmacol.
Exp. Ther. 244:154.

164. Gjedde, A, S. Dyve, Y-J. Yang, M. McHugh, and H. M. Pappius. (1991) Bi-Affinity a1-adrenoceptor binding in
normal rat brain in vivo, Synapse 9:1.

165. Gobbi, M., E. Frittoli, and T. Mennini. (1990} The modulation of 3H-noradrenaling and 3H-serotonin releascs

from rat brain synaptosomes is not mediated by the ozp-adrenoceptor subtype. Naunyn-Schmiedeberg's Arch.
Pharmacol. 342:382,

166. Godbout, R., Y. Chaput, P. Blier, and C, de Montigny. (1991) Tandospirone and its metabolite, 1-(2-
pyrimidinyl)-piperazine-I. Effects of acute and long-term administration of tandospirone on serotonin
neurotransmision. Neuropharmacology 7:679.

167. Goldfard, J. (1990) Electrophysiologic studies of serotonin receptor activaton, Neuropsychopharmacology 3:435.

168. Goldstein, J. M., L. C. Knobloch, and J. B. Malick. (1983) Electrophysiological demonstration of both o2-
agonist and antagonist properties of RX 781094. Eur. J. Pharmacol. 91:101.

169. Goodman Gilman, A., L. $. Goodman, and A. Gilman. (1980) The pharmacological basis of therapeutics.
McMillan, New York.

170. Gorea, E. and J, Adrien. (1988) Serotonergic regulation of noradrenergic coerulean neurons: electrophysiological
evidence for implication of 5-HTz2 receptors. Eur. J. Pharmacol. 154:285,

171, Gorea, E,, D. Davenne, L. Lanfumey, M. Chastanet, and J. Adrien, (1991) Regulation of noradrenergic coerulean

neuronal firing mediated by 5-HT receptors: Involvement of the prepositus hypoglossal nucleus. Neuropharmacology
30:1309.



I-353

172. Gtithert, M. and H. Huth. (1980) a-Adrenoceptor-mediated modulation of 5-HT release from rat brain cortex
slices. Naunyn-Shmiedeberg's Arch. Pharmacol. 313:21.

173. Gothert, M. and G. J. Molderings. (1991) Involvement of presynaptic imidazoline receptors in the o-
adrenoceptor-independent inhibition of noradrenaline release by imidazoline derivalives. Naunyn-Schmiedeberg's
Arch. Pharmacol. 343:271.

174. Gtithert, M., E. Schlicker, and F. Kostermann. (1983) Relationship between transmitter uptake inhibition and
cffects of alpha-adrenoceptor agonists on serotonin and noradrenaline release in the rat brain cortex, Naunyn-
Schmiedeberg's Arch. Pharmacol, 322121,

175. Gothert, M. (1980) Serotonin-receptor-mediated modulation of Ca2+-dependent 5-hydroxytryptamine release
from neurones of the rat brain cortex. Naunyn-Schmiedeberg's Arch. Pharmacol. 314:223.

176. Graeff, F. G., E. A. Audi, S. 5. Almeida, E. O. Graeff, and M. H. Hunziker. (1990) Behavioral effects of 5-HT
receptor ligands in the aversive brain stimulation, elevated plus-maze and learned helplessness tests. Neurosci.
Biobehav. Rev, 14:501.

177. Graham, A. W. and G. K. * zhajanian. (1971) Effects of amphetamine on single cell activity in a catecholamine
nucleus, the locus coeruleus. Natire 234:100.

178, Gravel, P. and C, de Montigny. (1987) Noradrenergic dznervation prevents sensitization of rat forebrain neurons
to serotonin by tricyclic antidep-essant treatment. Synapse 1:233.

179. Gray, 1. A. (1987) The neuropsychology of anxiety: An enquiry into the functions of the sepro-hippocampal
system. Oxford University Press, Oxford.

180. Gray, R. and D. Johnston. (1987) Noradrenaline and B-adrenoceptor agonists increase activity of vollage-depend-
ent calcium channels in hippocampal neurons, Nature 327620,

181, Green, A. R. and J. F. W. Deakin. (1980) Brain noradrenaline depletion prevents ECS-induced enhancement of
serotonin and dopamine mediated behaviour, Nature. 285:232.

182. Green, A. R. and D, G. Grahame-Smith. (1976) (-)-Propranolol inhibits the behavioural responses of rats to
increased 5-hydroxytryptamine in the central nervous system. Nature 262:594,

183. Gross, G., M. Gothent, U. Glapa, G. Engel, and H-J. Schilmann. (1985) Lesioning of serotonergic and
noradrenergic nerve fibres of the rat brain does not decrease binding of 3H-clonidine or 3H-ranwolscine to cortical
membranes. Naunyn-Schmiedeberg's Arch. Pharmacol, 328229,

184, Grossman, C. J., G. J. Kilpatrick, and K. T. Bunce. (1993) Developmer: of a radioligand binding assay for 5-HT4
receplors in guinea-pig and rat brain, Br. J. Pharmacol. 109:618,

185. Haas, H. L. and A. Konnerth. (1983) Histamine and noradrenaline decrease calcium-activated potassium con-
ductance in hippocampal pyramidal cells. Narure 302:432,

186. Haddjeri, N., P. Blier, and C. de Montigny. (1994) Effect of the az-adrenoceptor antagonist remeron on rat 5-HT
neurotransmission. Soc. Neurosci. Abstr. 20:637.14.

187. Haigler, H. J. and G. K. Aghajanian, (1974) Peripheral serotonin antagonists: failure to antagonize serotonin in
brain areas receiving a prominent serotonergic input. J. Neural Transm. 35:157.

188. Hall, M. D, §. el Mestikawy, M. B. Emerit, L. Pichat, M. Hamon, and H. Gozlan. (1985) [3H]8-hydroxy-2-(di-n-
propylamino)tetralin binding to pre- and postsynaptic 5-hydroxytryptamine sites in various regians of the rat brain, J,
Neurachem. 44:1685.



[ - 54

189. Hamblin, M. W., K. Ariani, P. I. Adriaenssens, and R. D. Ciaranello. (1987) [3H]dihydroergotamine as a high-
affinity, slowly dissociating radioligand for 5-HTs binding sites in rat brain membranes; Evidence for guanine
nucleotide regulation of agonist affinity states. J. Pharmacol. Exp. Ther. 243:989,

190. Hamblin, M. W., R. W. McGuffin, M. A. Metcalf, D. M., Dorsa, and K. M. Merchant. (1992) Distinct 5-HT5

and 5-HT1p serotonin receptors in rat: Structural and pharmacological comparison of the two cloned receptors. Mol
Cell Neurosci. 3:578.

191. Haring, J. H. and J. N. Davis, (1985) Differential distibution of locus coeruleus projections to the hippocampal
formation: Anatomical and biochemical evidence. Brain Res. 325:366.

192. Harley, C., J. S. Milway, and J. C. Lacailie. (1989) Locus coeruleus potentiation of dentate gyrus responses:
evidence for two systems. Brain Res. Bull. 22:643.

193. Harley, C. W. (1987) A role for norepinephrine in arousal, emotion and learning?: limbic modulation by
norepinephrine and the Kety hypothesis. Prog. Neuropsychopharmacol. Biol. Psychiatry 11:419,

194, Harley, C. W. and J. S, Milway, (1986) Glutamate cjcction in the locus coeruleus enhances the perforant path-
evoked population spike in the dentate gyrus. Exp. Brain Res. 63:143.

195. Harrison, J. K., W. R. Pearson, and K.R. Lynch. (1991) Molecular characterization of 1~ and az-adrenoceptors,
Trends Pharmacol. Sci. 12:62.

196, Hartig, P., N, Adham, J. Bard, A. Hou-Yu, H. -T. Kao, M, Macchi, L. Schechter, D. Urquhan, J, Zgombick, R.
Durkin, R. Weinshank, and T. Branchek. (1993) Molecular biology of 5-HT receptors. In Serotonin: From cell

biology to pharmaculogy and therapeutics. P. M. Vanhoutte, P. R, Saxena, R. Paoletti, N. Brunello, and A. §.
Jackson, editors. Kluwer Acad., Dordrecht. 21-31.

197. Hausdorff, W. P., M. G. Caron, ard R. J. Lefkowitz. (1990) Turning off the signal: desensitization of p-
adrenergic receptor function. FASEB J. 4:2881.

198, Hauser, K., H. R. Olpe, and R. S, Jones. (1985) Trimipramine, a tricyclic antidepressant exerting atypical actions
on the central noradrenergic system. Eur. J. Pharmacol. 111:23.

199. Hayakawa, H., M. Shimizu, and S. Yamawaki, (1592) The effects of electroconvulsive shock or imipramine on
subtypes of al-adrenoceptors in the frontal cortex of the rat. Neuropharmacolpgy 31:955.

200. Heal, D. J., S. A. Butler, M. R, Prow, and W. R. Buckett. (1993) Quantification of presynaptic '«2-adrenoceptors
in rat brain after short-term DSP-4 lesioning. Eur. J. Pharmacol, 249:37.

201. Heal, D. J., E. M. Hurst, M, R. Prow, and W. R. Buckett. (1990) An investigation of the role of 5-
hydroxytryptamine in the attenuation of presynaptic o:2-adrenoceptor-mediated responses by antidepressant treat-
ments, Psychopharmacology 101:100.

202, Heal, D. J., J. Philpot, K. M. O'Shaughnessy, and C. L. Davies. {1986) The influence of central noradrenergic
function on 5-HT2-mzdiated head-twitch responses in mice: possible implications for the actions of antidepressant
drugs. Psychopharmacelogy 89:414,

203, Heal, D, ], M. R, Prow, and W. R. Buckett. (1988) Clear evidence that clonidine hypoactivity and mydriasis are
mediated by pre- and post-synaptic o2-adrenoceptors respectively. Br. J. Pharmacol. 95:781p.,

204, Heal, D. J., M. R, Prow, and W. R. Buckett. (1991) Effects of antidepressant drugs and electroconvulsive shock
on pre- and postsynaptic a2-adrenoceptor function in the brain: rapid down-regulation by sibutramine hydrochloride.
Psychopharmacology 103:251.



I - 55

205. Heal, D. J., M. R. Prow, J, Gosden, G. P, Luscombe, and W. R. Buckett. (1992) A comparison of various antide-
pressant drugs demonstrates rapid desensitisation of «2-adrenoceptors exclusively by sibutramine hydrochloride.
Psychopharmacology 107:497,

206. Hensler, J. G., G. B. Kovachich, and A, Frazer, (1991) A quantitative autoradiographic study of serotoninia
receptor regulation, Effect of 5,7-dihydroxytryptamine and antidepressant treatments. Neuropsychopharmacology
4;131.

207. Hensler, J. G., G. A. Ordway, C. Gambarana, P. Areso, and A. Frazer, (1991) Serotonergic neurons do not
influence the rcgulation of B-adrenoceptors induced by either desipramine or isoproterenol. J. Pharmacol. Exp. Ther.
256:656.

208. Hertting, G. and C. Allgaier, (1988) Participation of protein kinase C and regulatory G proteins in modulation of
the evoked noradrenaline release in brain. Cell, Mol. Neurobiol. 8:105,

209. Heym, J., M. E, Trulson, and B. L. Jacobs. (1981) Effects of adrenergic drugs on raphe unit activity in freely
moving cats. Eur. J. Pharmacol. 74:117,

210. Hibert, M. and D. N, Middlemiss. (1986) Stereoselective blockade at the 5-HT autoreceptor and inhibition of
radioligand binding to central 5-HT recognition sites by the optical isomers of methiothepin, Neuropharmacology
25:1,

211. Hieble, . P. and R, R, Ruffolo. (1992) Imidazoline receptors: Historical perspective. Fundam. Clin. Pharmacol.
6:7s.

212, Hjorth, S. and T. Magnusson. (1988) The 5-HT1a receptor agonist, 8-OH-DPAT, preferentially activates cell
body 5-HT autoreceptors in rat brain in vivo. Naunyn-Schmiedeberg's Arch. Pharmacol. 338:463.

213. Hjorth, S. and R. Tao. (1991) The putative 5-HT1p receptor agonist CP-93,12% suppresses rat hippocampal 5-HT
release in vivo: comparison with RU 24969. Eur. J. Pharmacol. 209:249.

214, Hollingsworth, P. J. and C, B. Smith. (1991) Factors influencing the function of presynaptic o:2-adrenoceptors in
rat brain, In Presynaptic receptors and neuronal transporters. 8. Z, Langer, A. M. Galzin, and J. Costentin, editors.
Pergamon, Oxford. 39-42.

215, Hopkins, W. F. and D, Johnston, (1984) Frequency-r'=pendent noradrenergic modulation of long-term
potentiation in the hippecampus, Science 226:350.

216. Hopkins, W, F. and D. Johnston. (1988) Noradrenergic erhancement of long-term potentiation at mossy fiber
synapses in the hippocampus. J, Neurophysiol. 59:667.

217. Hosoda, K. and R. S. Duman. (1993) Regulation of P1-adrenergic receptor mRNA and iigand binding by antide-
pressant treatments and norepinephrine depletion in rat frontal cortex. f. Neurochem. 60:13385.

218. Hotta, I, and S, Yamawaki. (1988) Possible involvement of presynaptic 5-HT autoreceptors in effect of lithium
on 5-HT release in hippocampus of rat. Neuropharmacology 27:987.

219. Hoyer, D. (1990) Serotonin 5-HT3, 5-HT4, and 5-HT-M receptors, N .uropsychopharmacology. 3:371.
220. Hoyer, D. (1991) The 5-HT receptor family: Ligands, distribution and receptor-effector coupling. In 5-HT 4

agonists, 5-HT3 antagonists and benzodiazepines: their comparative behavioural pharmacology. R. J. Rodgers and S.
J. Cooper, editors. Wiley, Chichester, 31.

221, Hoyer, D., G. Engel, and H, O. Kalkman, (1985) Characterization of the 5-HT1p recognition site in rat brain:
Binding studies with (-)[125I)iodocyanopindolol. Eur. J. Pharmacol. 118:1.



I-356

222, Hoyer, D., A, Pazos, A. Probst, and J. M. Palacios, (1986) Serotonin recepiors in the human brain. 1. Characteri-

zation and autoradiographic localization of 5-HT14 recognition sites. Apparent absence of 5-HT s recognition sites.
Brain Res. 376:85,

223, Hoyer, D., P, Schoeffier, C, Waeber, and J, M, Palacios. (1990) Serotonin 5-HT1p receptors. Aan. NY Acad. Sci.
600:168.

224, Hsiao, J. K., H. Agren, J. J. Bartko, M. V. Rudorfer, M. Linnoila, and W. Z. Potter. (1987) Monoamine
neurotransmitter interactions and the prediction of antidepressant response. Arch. Gen. Psychiatry 44:1078.

225. Huang, Y. H.,, J, W, Maas, and G. H. Hu. (1980) The time course of noradrenergic pre- and postsynaplic activity
during chronic desipramine treatment, Eur. J. Pharmacol. 68:41.

226. Humplirey, P. P, A, P, Hartig, and D. Hoyer. (1993) A reappraisal of 5-HT receptor classification. In Serotonin:
From cell biology to pharmacology and therapeutics. P. M., Vanhoutte, P. R. Saxena, R. Paoletti, N. Bruneilo, and A.
S. Jackson, editors. Kluwer Acad., Dordrecht. 41-47.

227. Hyttel, 1., K. F. Overo, and J. Amt. (1984) Biochemical effects and drug levels in rats after long-term treatment
with the specific 5-HT-uptake inhibitor, citalopram. Psychopharmacology 83:20.

228. Innis, R. B., E. J. Nestler, and G. K. Aghajanian. (1988) Evidence for G protein mediation of serotonin- and
GABAg-induced hyperpolarization of rat dorsol raphe neurons, Brain Res. 459:27.

229, Jackisch, R., H, Y. Huang, H. Rensing, D, Lauth, C. Allgaier, and G. Hertting. (1992) o2-Adrenoceptor medi-
ated inhibition of exocytolic noradrenaline release in the absence of extracellulas calcium. Eur. J. Pharmacol. Mol.
Pharmacol. 226:245.

230. Jackisch, R., E. Werle, and G. Hertting. (1984) Identification of mechanisms involved in the modulation o
release of noradrenaline in the hippocampus of the rabbit in vitro. Neuropharmacology 23:1363.

231, Jacabs, B. L., E. D. Abercrombie, C. A. Fornal, E. S. Levine, D, A, Morilak, and I. L. Stafford. (1991) Single-
unit and physiological analyses of brain norepinephrine function in behaving animals. Prog. Brain Res. 88:159,

232. Jacobs, B. L. and E. C. Azmitia, (1992) Structure and function of the brain serotonin system. Physiol. Rev.
72:165.

233. Jacobs, B. L., L. O. Wilkinson, and A. F, Casimir. (1990) The role of brain serotonin: A neurophysiologic per-
spective. Neuropsychopharmacology 3:473.

234, Jahnsen, H. (1980) The action of 5-hydroxytryptamine on neuronal membranes and synaptic transmission in area
CA1 of the hippocampus in vitro. Brain Res. 197:83.

235. Janowsky, D. S., L. R. Steranka, D. D. Gillespie, and F. Sulser. (1982) Role of neuronal signal input in the down-
regulation of central noradrenergic receptor function by antidepressant drugs. J. Neurochem, 39:2%0.

236. Jin, H., D. Oksenberg, A. Ashkenazi, S. J. Peroutka, A. M. V. Duncan, R. Rozmabhel, Y. Yang, G. Mengod, J. M.

Palacios, and B, F, O'Dowd. (1992) Characterization of the human 5-hydroxytryptamine;p receptor. J. Biol. Chem.
267:5735.

237, Joels, M., G. Bouma, W. Hesen, and Y. Zegers, (1991) Increased effect of noradrenaline on synaptic responses in
rat CA hippocampal area after adrenalectomy. Brain Res. 550:347.

238, Joels, M. and E. R. de Kloet. (1991) Effect of corticosteroid hormones on electrical activity in rat hippocampus.
J. Steroid Biochem. Molec. Biol. 40:83.

235, Johnson, D. 8. and S. F. Heinemann, (1992) Cloning and expression of the rat SHT3 receptor reveals species-
specific sensitivity to curare antagonism. Soc. Neurosci. Abstr. 18:265.1.



[ -57

240, Johnson, J., .. Sherman, F. Petty, D. Taylor, and F. Henn. (1982) Receptor changes in learned helplessness. Soc.
Neurosci. Absi. 8:392.

241. Jones, B. E. and R. Y. Moore. (1977) Ascending projections of the locus coeruleus in the rat. II,
Autoradiographic study. Brain Res. 127:23.

242, Jones, G. H., T. W, Robbins, and C. A, Marsden, (1989) Isolation-rearing retards the acquisition of schedule-
induced polydipsia in rats. Physicl. Behav. 45:71. '

243, Kahn, R. J., D. M. McNair, R. S. Ligman, L. Covi, K. Rickels, R. Downing, S. Fisher, and L. M. Frankenthaler.
(1986) Imipramine and chinrdiazepoxide ir. depressive and anxiety disorders. 1. Efficacy in anxious outpatients. Arch.
Gen, Psychiatry 43:79,

244, Kahn, R, S., H, M. van Praag, S. Wetzler, C. M. Asnis, and G. Barr, (1988) Serutonin and anxiety revisited. Biol.
Psychiatry 23:189. .

245, Kalen, P., E. Rosegren, Q. Lindvall, and A. Bjorklund. (1989) Hippocampal noradrenaline and serotonin release
over 24 hours as measured hy the dialysis technique in freely moving rats: correlation to behavioural activity state,
effect of handling and tail-ptoch, Eur, J. Neurosci. 1:181.

246, Kellar, K. J. and D, A, Bm"gslrom. (1983) Electroconvulsive shock: Effzcts on biochemical correlates of
neurotransmitter receptors in rat brain. Neurgpparmacology 22:401.

247. Kilpatrick, G. J., B. 1. Jones, and M. B. Tyers, (1988) The distributiuu ui specific binding of the 5-HT3 receptor
ligand 3HGR65630 in rat brain using quantitative autoradiography. Newrosci. Let. 94:156.

248. Kohler, C., A.-C. Radesater, W, Lang, and V. Chan-Palay, (193¢ Distribution of serotonin-1A receptors in the
monkey and the postmortem human hippocampal region. A quantitative autoradiographic study using the selective
agonist [3H]8-OH-DPAT. Neurosci. Lett. 12:43,

249. Kolasa, K., L. Song, and R. 8. Jope. (1992) Adrenalectomy increases phosphoinositide hydrolysis induced by
norepinephrine or excilatory amino acids in rat hippocampal slices. Brain Res. 579:128,

250. Koslow, J. H., J. W, Maas, C. L. Bowden, J. M. Davis, I. Hanin, and 1. Javaid. (1983) CSF and urinary biogenic
amines and metabolites in depression and mania. Arch. Gen. Psychiatry 40:999.

251. Kovachich, G. B, A. Frazer, and C. E. Aronson. (1993) Effect of chronic administration of antidepressants on
az-adrenoceptors in the locus coerulens and its projection fields in rat brain determined by quantitative
autoradiography. Neuropsychopharmacology 8:57.

252. Koyama, Y. and Y. Kayama, (1993) Mutual interactions among cholinergic, noradrenergic and serotonergic
neurons studied by ionophoresis of these transmitters in rat brainstem nuclei, Neuroscience 55:1117.

253. Laborit, H. (1973) Les comportements, Biologie, physiologie, pharmacologie. Masson, Paris.

254, Lac.ille, J. C. and C. W, Harley, (1985) The action of norepinephrine in the dentate gyrus: f-mediated facilita-
tion of evoked potentials in vitvo. Brain Res, 358:210.

255. Lacroix, D., P. Blier, O. Curet, and C. de Montigny. (1991) Effects of long-term desipramine administration on
noradrenergic neurotransmission reuptake: Electrophysiological stdies in the rat brain, J, Pharmacol. Exp. Ther.
257:1081.

256, Lake, C. R., D. Pickar, M. Ziegler, S. Lipper, S. Slater, and D, L. Murphy. (1982) High plasma norepinephrine
levels in patients with major affective disorder. Am. J. Psychiatry 139:1315.

257. Lanfumey, L. and J. Adrien, (1988) Adaptive changes of B-adrenergic receptors after neonatal locus coeruleus
lesion: regulation of serotoninergic unit activity. Synapse 2:644,



I - 58

258. Langer, S. Z. (1974) Presynaptic regulation of catecholamine release. Biochem. Pharmacol. 23:1793,

259, Langer, S. Z. and C. Moret. (1982) Citalopram antagonizes the stimulation by lysergic acid diethylamide of
presynaptic inhibitory serotonin autoreceptors in the rat hypothalamus. J. Pharmacol. Exp. Ther. 222:220.

260. Langley, J. N. (1901) Observations on the physiological action of extracts of the supra-renal bodies. J. Physiol.
(Lond.} 27:237.

261. Langmoen, I, A., M. Segal, and P. Andersen. (1981) Mechanisms of norepinephrine actions on hippocampal
pyramidal Arch. Gen. Psychiatry 40:999,

251, Kovachich, G. B., A. Frazer, and C. E. Aronson. (1993) Effect of chronic administration of antidepressants on
oz-adrenoceptors in the locus coeruleus and its projection fields in rat brain determined by quantitative
autoradiography. Neuropsychopharmacology 8:57.

252. Kcyama, Y. and Y. Kayama. (1993) Mutual interactions among cholinergic, nomdrenergic and serotonergic
neurons studied by ionophoresis of these transmitters in rat brainstem nuclei. Neuroscience 55:1117.

253, Laborit, H. (1973) Les comportements. Biologie, physiologie, pharmacologie. Masson, Paris,

254, Lacaille, J. C. and C. W. Harley. (1985) The action of norepinephrine in the dentate gyrus: B-mediated fucilita-
tion of evoked potentials in vitro. Brain Res. 358:210.

255. Lacroix, D., P. Blier, O. Curet, and C. de Montigny. (1991) Effects of long-term desipramine administration on
noradrenergic neurotransmission reuplake; Electrophysiological studies in the rat brain, J. Pharmacol. Exp. Ther. 25T:

256. Lake, C. R., D, Pickar, M, Ziegier, S. Lipper, S. Slater, and D. L. Murphy. (1982) High plasma norepinephrine
levels in patients with major affective disorder. Am. J. Psychiatry 139:1315.

257. Lanfumey, L. and J. Adrien. (1988) Adaptive changes of P-adrenergic receptors after neonatal locus coeruleus
lesion; regulation of serotoninergic unit activity. Synapse 2:644.

258, Langer, S. Z. (1974) Presynaptic regulation of catecholamine release. Bipchem. Pharmacol. 23:1793.

259. Langer, S. Z. and C. Moret. (1982) Citalopram antagonizes the stimulation by lysergic acid diethylamide of
presynaptic inhibitory serotonin autoreceptors in the rat hypothalamus. J. Pharmacol. Exp. Ther. 222:220.

260. Langley, J. N, (1901) Observations on the physiological action of extracts of the supra-renal bodies. J. Physiol.
27:237. '

261. Langmoen, I, A., M. Segal, and P, Andersen. (1981) Mechanisms of norepinephrine actions on hippocampal
pyramidal cells in vitro, Brain Res. 208:349,

262. Lapin, I. P. and G. F. Oxenkrug. (1969) Intensification of central serotonergic processes as a possible determinant
of the thymoleptic effect. Lancer 1:132.

263. Lechin, F., B. van der Dijs, J. Amat, and M. Lechin. (1989) Neurochemistry and clinical disorders: circuitry of
some psychiatric and psychosomatic syndromes. F. Lechin and B. van der Dijs, editors. CRC, Boca Rato.

264. Leger, L. and L. Descarries. (1978) Serotorin nerve terminals in the locus coeruleus of adult rat: a
radioautographic study. Brain Res. 145:1.

265. Lesch, K-P. and H. K. Manji, (1992) Signal-transducing G proteins and antidepressant drugs: Evidence for
modulation of a subunit gene expression in rat brain, Biol. Psychiatry 32:549.

266. Leung, P. P. and J. J. Miller. (1988) Dual role of norepinephrine in the hippocampal CA; region of the rat:
inhibition and disinhibition, Can. J. Physiol. Pharmacol. 66:814.



I - 59

267. Levitt, P., J. E. Pintar, and X. O. Breakefield. (1982) Immunocytochemical demonstration of monocamine oxidase
B in brain astrocytes and serotonergic neurons. Proc. Nail. Acad. Sci. U. § A. 79:6385.

268, I.zwandowsléy. M. (1898) Ucber cine wirkung des ncbennierenextractes auf das auge. Zentralbl. Physiol. ,
12.599.

269. Leysen, J. E. (1990) Gaps and peculiarities in 5-HT2 receptor studies, Neuropsychopharmacology 3:361.

270. Li, G., S. Regunathan, C. J. Barrow, J. Eshraghi, R. Cooper, and D. J. Reis. (1994) Agmatine: An endogenous
clonidine-displacing substance in the brain. Science 263:966.

271. Limberger, N., G. Bonanno, L. Spath, and K. Starke. (1986) Autoreceptors and o2-adrenoceptors at the
serotonergic axons of rabbit brain conex, Naunyn-Schmiedeberg's Arch. Pharmacol. 332:324.

272. Lindvall, O. and A. Bjorklund. (1974) The organization of the ascending catecholamine neuron systems in the rat
brain as revealed by giyoxylic acid fluorescence method, Acta Psychiatr, Scand. 412:1,

273. Loizou, L. A. (1969) Projections of the nucleus locus coeruleus in the albino rat. Brain Res. 15:563.

274, Lucki, I. and A. Frazer. (1982) Prevention of the serotonin syndrome in rats by repeated administration of
monoamine oxidase inhibitors but not tricyclic antidepressants. Psychopharmacology 77:205.

275. Lum, J. T. and M. F. Piercey. (1988) Electrophysiological evidence that spiperone is an antagonist of 5-HT 1A
receplors in the dorsal raphe nucleus., Eur. J. Pharmacol. 149:9.

276. Maas, J. W. (1975) Biogenic amines and depression. Arch. Gen. Psychiatry 32:1357.

277. MacKinnon, A. C., M. Spedding, and C. Brown. (1994} az-Adrenoceptors: More subtypes but fewer functional
differences, Trends Pharmacol. Sci. 15:119,

278. MacRae-Deguerce, A., B. Berod, A. Mermet, A. Keller, G. Chouvet, T. Joh, and J. Pujol. (1982) Alterations in
tyrosine hydrolase activity elicited by raphe nuclei lesions in the rat locus coeruleus: Evidence for the involvement of
serotonin affercots. Brain Res. 235:285.

279. Madison, D. V. and R. A. Nicoll. (1982j Noradrenaline blocks accommodation of pyramidal cell discharge in the
hippocampus. Nature 299.636,

280, Madison, D. V. and R. A. Nicoll. {1986) Cyclic adenosine 3'5"-monophosphate mediates B-recéptor actions of
noradrenaline in rat hippocampal pyramidal cells. J. Physiol. (Lond) 372:245.

281, Madison, D. V. and R. A. Nicoll. (1986) Actions of noradrenaline recorded intracellulariy in rat hippocampal
CA pyramidal neurones, in vitro. J. Physiol. (Lond) 372:221.

232. Madison, D. V. and R. A, Nicoll. (1988) Norepinephrine decreases synaptic inhibition in the rat hippocampus.
Brain Res. 442:131.

283. Mnj, J., V. Klimek, and G. Nowak. (1985) Antidepressant drugs given repeatedly increase binding to ai-
adrenoceptors in the rat cortex, Eur. J. Pharmacol. 119:113,

284. Man;ounas, L. A., C. A. Mullen, E. O'Heam, and M. E. Molliver. (1991) Dual serotonergic projections to
forebrain in the rat: Morphologically distinct 5-HT axon terminals exhibit differential vulnerability to neurotoxic
amphetamine derivatives. J. Comp. Neurol. 314:558.

285. Manier, D. H., D. D. Gillespie, L, R, Steranka, and F. Sulser. {1984) A pivotal role for serotonin in the down-
regulation of B-adrenoceptors by antidepressants: Reversibility of the action of p-chlorophenylalanine. Experientia
40:1223.



I - 60

286. Manier, D. H., D. D. Gillespie, and F. Sulser. (1989) Dual aminergic regulation of central B-adrenoceptors.
Effect of “atypical” antidepressants and 5-hydroxytryptophan, Neuropsychopharmacology. 2:89,

287. Marciani, M. G., P. Calabresi, P. Stanzione, and G, Bemardi. (1984) Dopaminergic and noradrencrgic responses
in the hippocampal slice preparation. Evidence for different receptors. Neuropharmacology 23:303.

288. Maricqg, A., A. S. Piicison, A, . Brake, R, M. Myers, and D. Julius. (1991) Primary structure and [vactional
expression of the 5-11T3 recaptor, a serotonin gated ion channel. Science 254:432.

289. Murksicin, R., K. Digges, N, R. Marshall, and K. Starke. (1984} Forskolin and the release of noradrenaline in
cerebrocortical slices. Naunyn-Schmiedeberg's Arch. Pharmacol. 325:17.

290, Martin, K. F., S. Hannon, L. Phillips, and D. J. Heal. (1992) Opposing roles for 5-HT i and 5 -HT3 reccptors in
the control of 5-HT release in rat hippocampus in vivo, Br. J. Pharmacol. 106:139.

291, Marwaha, J. and G, K. Aghajanian. (1982) Relative potencies of alpha-1 and alpha-2 antagonists in the locus
ceruleus, dorsal raphe and dorsal lateral geniculate nuclei: an electrophysiological study. J. Pharmacol. Exp. Ther.
222:2817.

292, Masuko, S., Y. Nakajima, 8. Nakajima, and K. Yamaguchi, (1986) Noradrenergic neurons from the locus
coeruleus in dissociated cell culture: Culture methods, merphology, and electrophysiology. J. Neurosci. 6:3229,

293, Maura, G.. G. Bonanno, and M. Raiteri. (1992) Presynaptic o2-adrenoceptors mediating inhibition of
noradrenaline and 5-HT release in rat cerebral cortex: further characterization as different oz-adrenoceptor subtyptes.
Naunyn-Schmiedeberg's Arch. Pharmacol, 345:410.

294, Maura, G., A. Gemignani, and M. Raiteri. (1982) Noradrenaline inhibits central serotonin release through o2-
adrenoceptors located on serotonesgic nerve terminals, Naunyn-Schmiedeberg's Arch. Pharmacol. 320:272.

295. Maura, G., E. Roccatagliata, and M. Raitert. (1986) Serotonin autoreceptor in rat hippocampus: pharmacological
characterization as a subtype of the 5-HT) receptor. Naunyn-Schmiedeberg's Arch. Pharmacol. 334:323.

296, Maura, G., M. Ulivi, and M. Raiteri. (1987) (-)-Propranolol and (+/-)-cyanopindolol are mixed agonists-antago-
nists at serotonin autoreceptors in the hippocampus of the rat brain. Neuropharmacolegy 26:713.

297. McKenna, K. F., G. B. Baker, R, T. Coutts, and A. J. Greenshaw. (1992) Chronic administration of the antide-
pressant-antipanic drug phenelzine and its N-acetylated analogue: Effects on moncamine oxidase, biogenic amincs,
and oz-adrenoceptor function. J. Pharm. Sci. 81:832.

298, McMillen, B. A., W. Wamack, D. C. German, and P. A. Shore. (1980) Effects of chronic desipramine treatment
on rat brain noradrenergic responses to o-adrenergic drugs. Eur. J, Pharmacol. 61:239.

299, McRae-Degueurce, A,, L. Léger, L. Wiklund, and J. F. Pujol. (1981) Functional recuperation of the scrotonergic
innervation in the rat locus coeruleus. J. Physiol, 77:389.

300. Melia, K. R., K. Rasmussen, R. Z. Terwilliger, J. W. Haycock, E. J. Nestler, and R. S. Duman, (1992) Coordi-
nate regulation of the cyclic AMP system with firing rate and expression of tyrosine hydroxylase in the rat locus
coeruleus: effects of chronic stress and drug treatments, J. Neurochem, 58:494,

301. Mendelson, 8. D. and B, §, McEwen, (1992) Autoradiographic analyses of the effects of adrenalectomy and

corticosterone on 5-HT1a and 5-HTp receptors in the dorsal hippocampus and cortex of the rat.
Neuroendocrinclogy. 55:444,

302, Menkes, D. B. and G. K. Aghajanian. (1981) a;-Adrenoceptor-mediated responses in the lateral geniculate
nucleus are enhanced by chronic antidepressant treatment, Eur. J. Pharmacol. 74:27,



I - 61

303. Menkes, D. B., G. K. Aghajanian, and D. W. Gallager. (1983) Chronic antidepressant treatment enhances agonist
affinity of brair «i-adrenoceptors. Eur. J. Pharmacol, 87:35.

304, Menkes, D. B., G. K. Aghajanian, and R. B. McCall. (1980) Chronic antidepressant treatment enthances o-
adrenergic and serolonergic responses in the facial nucleus. Life Sei. 27:45,

305. Michal, G. (1982) Biochemical pathways. Boehringer Mannheim.

306. Middlemiss, D. N. (1986) Blockade of the central 5-HT autoreceptor by B-adrenoceptor antagonists. Eur. J.
Pharmacol. 120:51.

307. Middlemiss, D. N., M. E, Bremer, and S. M. Smith, (1988) A pharmacological analysis of the 5-HT receplor
mediating inhibition of 5-HT release in the guinea-pig frontal cortex. Eur. J. Pharmacol. 157:101,

308. Middlemiss, D. N. ard P. H. Hutson, (1990) The 5-HT\B receptors. Ann. N. Y. Acad, Sci. 600;132.

309. Minneman, K. P., M. D, Dibner, B. B. Wolfe, and P. B, Molinoff. (1979) ;- and P2-adrenergic receptors in rat
cerebral cortex are independently regulated. Science 204:866.

310. Mizuta, T, and T. Segawa. (1988) Chronic effects of imipramine and lithium on postsynaptic 5-HT14 and 5-
HT) g sites and on presynaptic 5-HTs3 sites in rat brain. Jpa. J. Pharmacol. 47:107.

311. Molderings, G. J. and M, Gothert, (1990) Mutual interaction between presynaptic o2-adrenoceptors and 5-HT18
receptors on the sympathetic nerve terminals of the rat inferior vena cava. Naunyn-Schmiedeberg's Arch. Pharmacol.
341:391.

312. Mongeau, R. (1990} Antidepressant and anxiolytic action on the serotoninia binding site. Masters thesis at
McGill University, Montreal.

313. Mongeau, R., S. A. Welner, R. Quirion, and B. E. Suranyi-Cadotte. (1992) Further evidence for differential
affinity states of serotoninia receptor in rat hippocampus. Brain Res. 590:229,

314, Moore, R. Y., A. E. Halaris, and B. E. Jones. (1978) Serotonin neurons of the midbrain raphe: ascending projec-
tions. J. Comp. Neurol. 180:417.

315. Moret, C, and M. Briley. (1990) Serotonin autoreceptor subsensitivity and antidepressant activity. Eur. J.
Pharmacol. 180:351.

316. Morin, D., R. Sapena, R, Zini, and J. P. Tillement. (1992) Serotonin enhances the B-adrenergic response in rat
brain cortical slices. Eur. J. Pharmacol. 225:273.

317, Mueller, A. L., B. J. Hoffer, and T. V. Dunwiddie. (1981) Noradrenergic responses in rat hippocampus: evidence
for mediation by a-and B-receptors in the in vitro slice, Brain Res. 214:113,

318. Mueller, A. L., K. L. Kirk, B. J. Hoffer, and T. V, Dunwiddie. {1982) Noradrenergic responses in rat
hippocampus: electrophysiological actions of direct- and indirect-acting sympathomimetics in the in vitro slice. J.
Pharmacol. Exp. Ther. 223:599,

319, Mueller, A. L., M. R. Palmer, B. J. Hoffer, and T. V. Dunwiddie. (1982) Hippocampal noradrenergic responses
in vivo and in vitro. Characterization of alpha and beta coriponents, Naunyn-Schmiedeberg’s Arch. Pharmacol.
318:259.

320. Mynlieff, M. and T. V. Dunwiddie, (1988) Noradrenergic depression of synaptic responses in hippocampus of
ral: evidence for mediation by a-receptors. Neuropharmacology 27:391.

321. Nalepa, L. and J. Vetulani. (1993) Enhancement of the responsiveness of cortical adrenergic receptors by chronic
administration of the 5-hydroxytryptamine uptake inhibitor cital~oram. J. Neurochem. 60:2029.



I - 62

322. Nelson, J. C,, C. M. Mazure, M. B. Bowers, and P. [, Jatlow. (1991) A preliminary, open study of the combina-
tion of fluoxetine and desipramine for rapid treatment of major depression. Arch. Gen. Psyckiutry 48303,

323, Nestler, E. J., A. McMahon, E. L. Sabban, J. F. Tallman, and R. S, Duman. (1990) Chronic antidepressant

adrainistration decreases the expression of tyrosine hydroxylase in the rat locus coeruleus. Proc. Nail. Acad. Sci. U. §
A. 877522,

324. Newman, M. E., D. Drummer, and B. Lerer. {1990) Single and combined effects of desipramine and lithium on
serotonergic receptor number and second messenger function in rat brain. J. Pharmacol. Exp. Ther. 260:16.

325. Newman, M. E. and B. Lerer. (1988) Chronic electroconvulsive shock and desipramine reduce the degree of
inhibition by 5-HT and carbachol of forskolin-stimulated adenylate cyclase in rat hippocampal membranes. Eur. J.
Pharmacol. 148:257.

326. Newman, M. E. and B, Lerer. (1989) Modulation of second messenger function in rat brain by in vivo alteration
of receptor sensitivity: relevance to the mechanism of action of electroconvulsive theragy and antidepressants. Prog.
Neuropsychopharmacol. Biol. Psychiatry 13:1.

327. Newman, M. E,, I. Miskin, and B. Lerer. (1987) Effects of single and repeated electroconvulsive shock adminis-
tration on inositol phosphate accumulation in rat brain slices. J. Neurochem. 49:19,

328. Newman, M. E., B, Shapira, and B, Lerer. (1992) Regulation of 5-hydroxytryptamine A receptor function in rat
hippocampus by short- and long-term administration of 5-hydroxytryptamine) 4 agonist and antidepressants. J.
Pharmacol. Exp. Ther. 260:16,

329, Nichols, A. J. (1991) a-Adrenoceptor signat transduction mechanism, In a-adrenoceptors: Molecular biology,
Biochemistry and Pharmacology. Prog. Basic Clin. Pharmacol. R. R. Ruffolo, editor. Krager Press, Basel , 44-74,

330. Nisenbaum, L. K., M. J. Zigmond, A. F. Sved, and E. D. Abercrombie. (1991) Prior exposure to chronic stress

results in enhanced synthesis and release of hippocampal norepinephrine in resg:nse (o a novel stressor. J. Neurosci,
11:1478.

331. Nishikawa, T., M. Tanaka, A, Tsuda, Y. Khono, and N, Nagasaki. (1983) Serotonergic-catecholaminergic
interactions and footshock-induced jumping behavior in rats. Eur. J. Pharmacol. 94:53.

332, Nowak, G. and E. Przegalinski. (1988) Effect of repeated treatment with antidepressant drugs and ¢lectroconvul-
sive shock (ECS) on [3H] prazosin binding to different rat brain structures. J, Neural Transm. 71:57.

333. Odagaki, Y., T. Koyama, and L. Yamashita, (1991) No alterations in the 5-HT'14 -mediated inhibition of
forskolin-stimulated adenylate cyclase activity in the hippocampal membranes from rats chronically treated with
lithium or antidepressants. J. Neural Transm. Gen. Sect. 86:85.

334, Oleskevich, S. and L. Descarries. (1990} Quantified distribution of the serotonin innervation in adult rat
hippocampus. Neuroscience 34:19,

335, Oleskevich, S., L. Descarries, and J. C. Lacaille. (1989) Quantified distribution of the noradrenaline innervation
in the hippocampus of adult rat. J. Neurosci. 9:3803.

336. Olpe, H. R,, A. Schellenberg, and R. S. Jones. (1984) The sensitivity of hippocampal pyramidal neurons to
serotonin in vitro: effect of prolonged treatment with clorgyline or clomipramine. J. Neural Transm. 60:265.

337. Ortmann, R., 8. Martin, E. Radeke, and A. Delini-Stula. (1981) Interaction of B-adrenoceptor agonists with the

serotonergic system in rat brain, A behavioral study using the L-5-HTP syndrome, Naunyn-Schmiedeberg's Arch.
Pharmacol. 316:225.

338. Otmakhov, N. A. and A. G. Bragin. (1982) Effects of norepinephrine and serotonin upon spontaneous activity
and responses to mossy fiber stimulation of CA3 neurons in hippocampal slices. Brain Res. 253:173.



I - 63

339. Ozawa, H. and M. M. Rasenick. (1991) Chronic electroconvulsive treatment zugments coupling of the GTP-
binding protein G to the catalytic moiety of adenylyl cyclase in a manner similar to that seen with chronic antidepres-
sant drugs. J. Neurochem. 56:330,

340, Ozawa, H., M. M., Rasenick, and T. Saito. (1990) Effect of chronic antidepressant administration on beta
adrenergic receptor GTP binding protein adenylate cyclase coupling. Biog. Amines 7:535.

341, Palfreyman, M. G., A. K. Mir, M. Kubina, D, N. Middlemiss, M. Richards, M. D. Tricklebank, and J. R. Fozard.
(+986) Monoamine receptor sensitivity changes following chrozdc administration of MDL 72394, a site-directed
inhibitor of monoamine oxidase, Eur. J. Pharmacol. 130:73.

342, Pang, K. and G. M. R.ose. (1987) Differential effects of norepinephrine on hippocampal complex-spike and theta-
neurons. Brain Res. 425:146,

143, Passarelli, F., T. Costa, and O. F. Almeida. (1988) Pertussis toxin inactivates the presynaptic serotonin
autoreceptor in the hippocampus. Eur. J. Pharmacol. 155:297.

344, Paton, W. D. M, and E. S. Vizi. (1969) The inhibitory action of noradrenaline and acetylcholine output by
guinea-pig longitudinal muscle strip. Br, J. Pharmacol. 35:10,

345, Paul, I, A., G. E. Duncan, K. R, Powell, R, A. Mue’'-r, I. S. Hong, and G. R. Breese. (1988) Regionally specific
neural adaptation of B-adrenergic and 5-hydroxytryplaminez receptors after antidepressant administration in the forced
swim test and after chronic antidepressant drug treatment. J. Pharmacol. Exp. Ther. 246:956.

346. Peroutka, S. J. (1986) Pharmacological differentiation and characterization of 5-HT1a , 5-HT1B, and 5-HT1¢
binding sites in rat frontal cortex. J. Neurochem. 47:529.

347, Peroutka, S. J. (1988) 5-HT receptor subtypes: molecular, biochemical and physiological characterization. Trends
Neurosci. 11:496,

348, Peroutka, S. J., M. D. Mauk, and J. D. Kocsis. (1987) Modulation of neuronal activity in the hippocampus by 5-
hydroxytryptamine and 5-hydroxytryptaminel A selective drugs. Neuropharmacology 26:139.

349, Peroutka, S. J. and S. H. Snyder. (1980) Long-term antidepressant treatment decreases spiroperidol-labelled
serotonin receptor binding. Science 21C:88,

350. Peters, J. A., M., M, Hilary, and J. L. Jeremy. (1992) Recent advances in the electrophysiological characterization
of §5-HT3 receptors, Trends Pharmacol. Sci. 13:391,

351. Pickel, V. M., T. H. Joh, and D. J. Reis. (1977) A serctonergic innervation of noradrenesgic neurons in nucleus
locus coeruleus: demonstration by immunocytochemical localization of the transmitter specific enzymes tyrosine and
tryptophan hydroxylase. Brain Res. 131:197.

352. Pineyro, G., C. de Montigny, and P. Blier. {1993) Regulation of somatodendritic release of 5-HT in the rat dorsal
raphe by 5-HT\p receptors. Soc. Neurosci. Abstr. 19:93.4.

353. Plaznik, A., W. Danysz, W. Kostowski, A. Bidzinski, and M. Hauptmann, (1983) Interaction between
noradrenergic and serotonergic brain systems as evidenced by microinjections of adrenergic agonists and antagonisty
into the median raphe nucleus, Pharmacol. Biochem. Behav. 19:27.

354, Plaznik, A. and W. Kostowski. (1991) The involvement of serotonin and noradrenaline in the psychopathelogical
processes of stress and depression: Animal models and the effect of antidepressant drugs. Pol. J. Pharmacol. Pharm.
43:301,

355, Quik, M. and E. Azmitia. (1983) Selective destruction of the serotonergic fibers of the fornix-fimbria and
cingulum bundle increases 5-HT1 but not 5-HT?2 receptors in rat midbrain. Eur. J. Pharmacol. 90:377.



I - 64

356. Quineaux, N., J. Scuvée-Moreau, and A. Dresse. (1982) Inhibition of in vitro and ¢x vivo uptake of noradrenaline
and 5-hydroxytryptamine by five antidepressants; Correlation with reduction of spontancous firing rate of central
monoaminergic neurones, Naunyn-Schmiedeberg's Arch. Pharmacol. 319:66.

357. Raiteri, M., G. Maura, A. Gemignani, and A. Piitaluga. (1983) Differential blockade by (-)mianserin of e oz-
adrenoceptors mediating inhibition of noradrenaline and serotonin retease from rat brain synaptosomes. Naunyn-
Schmiedeberg's Arch. Pharmacol. 322:180.

358. Raitezi. M., G. Maura, and P, Versace, (1983) Functional evidence for two stereochemically different alpha-2
adrenoceptors regulating central norepinephrine and serotonin release, J. Pharmacol. Exp. Ther, 224:679.

359. Ramdine, R., A. M. Galzin, and S. Z. Langer, (1989) Involvement of adenylate cyclase and protein kinase C in
the alpha 2-adrenoceptor-mediated inhibition of noradrenaline and 5-hydroxytryptamine release in rat hypothalamic
slices. Naunyn-Schmiedeberg's Arch. Pharmacol. 340:386.

360. Rasmussen, K., R. A. Glennon, and G. K. Aghajanian, (1986) Phenethylar..ine hallucinogens in the locus
coeruleus: potency of action correlates with rank order of 5-HT2 binding affirity. Eur. J, Pharmacol. 132:79,

361, Rasmussen, K. and B. Jacobs. (1986} Single unit activity of locus coeruleus neurons in the freely moving cat. 11
conditioning and pharmacologic studies. Brain Res. 371:335.

362, Rasmussen, K., D. Morilak, and B. L. Jacobs. (1985) Single unit activity of locus coeruleus neurons in the freely
moving cat. I. During natralistic behaviors and in response to simple and complex stimuli. Brain Res. 371:324,

363. Rehavi, M., O. Ramat, B. Yaveiz, and M. Sokolovsky. (1980) Amitriptyline: long-term treatment clevales o-
adrenergic and muscarinic receptor binding in mouse brain. Brain Res. 194:443,

364, Richardson, B. P. and G. Engel, (1986) The pharmacology and function of 5-HT3 receptors, Trends Neurosci.
september:424,

365. Riva, M. A, and I. Creese. (1989) Comparison of two putatively selective radioligands for labeling central
nervous system P-adrenergic receptors: inadequacy of [3H]dihydroalprenolol, Mol. Pharmacol. 36:135.

366. Robents, M. H. T. and D. W, Straughan. (1967) Excitation and depression of cortical neurones by 5-
hydroxytryptamine, J, Physiol. (Lond) 193:269,

367. Robinson, D. S., R. E. Gammans, R. C. Shrotriya, S. W, Jenkins, J. J. Andary, D. R, Alms, and M. E. Messina,

(1990) Clinical effects of 5-HT1a partial agonists, buspirone and gepirone, in the treatment of depression. Clin.
Neuropharmacol. 13 (suppl. 2):228,

368. Rogawski, M, A. and G. K. Aghajanian. (1981) Serctonin autoreceptors on dorsal raphe neurons: structure-
activity relationships of tryptamine analogs. J. Neurosci. 1:1148.

369. Ropert, N, (1988) Inhibitory action of serotonin in CAj hippocampal neurons in vitro. Neuroscience 26:69,

370, Ropert, N. and N. Guy. (1991) Serotonin facilitates GABAergic transmission in the CA| region of rat
hippocampus in vitro. J. Physiol. {Lond) 441:121,

371. Roth, B. L., M. Hamblin, and R. D. Ciaranello. (1990) Regulation of 5-HT and 5-HT1c serotonin receptor
levels. Methodology and mechanisms. Neuropsychopharmacology 3:427.

372. Rowan, M. J. and R. Anwyl. (1985) The effect of prolonged treatment with tricyclic antidepressants on the
actions of 5-hydroxytryptamine in the hippocampal slice of the rat. Neuropharmacology 24:131.

373. Rudorfer, M. V. and W. Z. Potter. (1989) Antidepressants: A comparative review of the clinical pharmacology
and therapeatic use of the newer versus the older drugs. Drugs. 37:713.



I - 65

374. Sakai, K., D. Salvert, M. Touret, and M. Jouvet. (1977) Afferent connections of the raphe dorsalis in the cat as
visualized by the horseradish peroxidase technique. Brain Res. 137:11.

375. Sanders-Bush, E. and F. Sulser. (1986) Serotonin/norepinephrine receptor interactions: sensilivity changes after
antidepressants and lesions. In Receptor-recepior interactions: A new intramembrane integrative mechanism. K. Fuxe
and L. F. Agnati, editors. Plenum Press, N.Y. and London. 387.

376. Sanghera, M. K., 1. A, Coke, H. L. Williams, and B. A. McMillen. (1990) Ipsapirone and 1-(2-pyrimidinyl)-
piperazine increase rat locus cocruleus noradrenergic activity. Brain Res. Bull. 24:17.

377. Sanghera, M. K. and D. C. German. (1983) The cffects of benzodiazepine and non-benzodiazepine anxiolytics
on locus coeruleus unit activity. J. Neural Transm. 57:267.

378. Sapolsky, R. M. and P. M. Plotsky. (1990) Hypercortisolism and its possible neural bases. Biol. Psychiatry
27:937.

379, Sara, S. J. and Q. Bergis. (1991) Enhancement of excitability and inhibitory processes in hippocampal dentate
gyrus by noradrenaline: a pharmacological study in awake, freely moving rats. Neurosci. Lett, 126:1.

380. Savage, D. D., J. Mendels, and A, Frazer. (1980) Monoamine oxidase inhibitors and serotonin uptake inhibitors:
Differential cffects on [3H]serotonin binding sites in rat brain. J. Pharmacol. Exp. Ther. 168:297.

381. Schechter, L. E., F. 1. Bolanos, H. Gozlan, L. Lanfumey, S. Haj-Dahmane, A. M. Laporte, C. M. Fattaccini, and
M. Hamon. (1990) Alterations of central serotoninergic and dopaminergic neurotransmission in rats chronically
treated with ipsapirone: biochemical and electrophysiological studies. J. Pharmacol. Exp. Ther. 255:1335.

382, Scheinin, M., J. W. Lomasney, D. M. Hayden-Hixson, U. B. Schambra, M. G. Caron, R. J. Lefkowitz, and R. T.
Fremeau. (1994) Distribution of «2-adrenergic receptor subtype gene expression in rat brain. Mel. Brain Res. 21:133,

383. Schildkraut, J. J. (1965} The catecholamine hypothesis of affective disorders: A review of supporting evidence,
Am. J. Psychiatry 122;509,

384, Schlicker, E., K. Fink, K. Classen, and M. Gothert. (1987) Facilitation of serotonin (5-HT) release in the rat brain
cortex by cAMP and probtable inhibition of adenylate cyclase in 5-HT nerve terminals by presynaptic a2-
adrenoceptors. Naunyn-Schmiedeberg's Arch, Pharmacol. 336:251.,

385. Schlicker, E., M. Gothert, and K. Hillenbrand. (1985) Cyanopindolol is a highly potent and selective antagonist
at the presynaptic serotonin autoreceptor in the rat brain cortex. Naunyn-Schmiedeberg's Arch. Pharmacol. 331:398.

386. Schlicker, E., M. Gothert, F. Kostermann, and R. Clausing. (1983) Effects of «t-adrenoceptor antagonists on the
release of serotonin and noradrenaline from rat brain cortex slices. Influence of noradrenaline uptake inhibition and
determination of p A2 values. Naunyn-Schmiedeberg's Arch. Pharmacol. 323:106.

387. Schiicker, E., M. Githert, F, Kdstermann, and R. Clausing, (1983) Effects of o-adrenoceptor antagorists on the
release of serotonin and noradrenaline from rat brain cortex slices. Naunyn-Schmiedeberg's Arch. Pharmacol.
323:106.

388, Schoffelmeer, A, N, M. and A. H. Mulder. (1982) 3H-Noradrenaline and 3H-5-HT release from rat brain slices
and its presynaptic o-adrenergic modulation after long-term desipramine pretreatment. Naunyn-Schmiedeberg's Arch.
Pharmacol. 318:173.

389, Schoffelmeer, A, N. M. and A. H. Mulder. (1983) 3H-Noradrenaline release from rat neocortical slices in the
absence of extracellular calcium and its presynaptic 2-adrenergic moduiation: a study on the possible role of cAMP.
Naunyn-Schmiedeberg's Arch. Pharmacol. 323:188.

P



[ - 66

390. Scott, J. A. and F, T. Crews. (1986) Down-regulation of serotoninz, but not of B-adrenergic receptors during
chronic treatment with amitriptyline is independent of stimulation of serotoninz and p-adrenergic recepltors,
Neuropharmacology 25:1301.

391. Scuvée Moreau, J., I. Giesbers. and A. Dresse. (1987) Electrophysiological and microiontophoretic studies with
buspirone: influence on the firing rate of central monoaminergic neurons and their responsiveness to dopamine,
clonidine or GABA. Arch. Int, Physiol. Biochim. 95:439.

392, Scuvée-Moreau, J. J. and A. Dresse. (1979) Effect of various antidepressant drugs on the spontancous firing rate
uf locus coeruleus and dorsal raphe neurons of the rat. Eur. J. Pharmacol. 57:219.

393. Scuvée-Moreau, J. J. and T. H. Svensson. (1982) Sensitivity in vivo of central a2- and opiate receptors after
chronic treatment with various antidepressants, J, Neural Transm., 54:51,

394. Segal, M. (1979) Serotonergic innervation of the locus coeruleus from the dorsal raphe and its action on re-
sponses to noxious stimuli. J. Physiol. (Lond) 286:401.

395, Segal, M. (1980) The action of scrotonin in the rat hippocampal slice preparation. J. Physiol, (Lond) 303:423,

396. Segal, M. (1982) Norepinephrine modulates reactivity of hippocampal cells to chemical stimulation in vitro. Exp.
Neurol. 77:86.

397. Segal, M. and F. E. Bloom. (1974) The action of norepinephrine in the rat hippocampus. I1. Activation of the
input pathway. Brain Res. 72:99,

398. Segal, M. and F. E. Bloom. (1976) The action of norepinephrine in the rat hippocampus. 1V, The effects of locus
coeruleus stimulation on evoked hippocampal unit activity, Brain Res. 107:513.

399, Segal, M., H. Markram, and G, Richter-Levin, {1991) Actions of norepinephrine in the rat hippocampus. Prog.
Brain Res. 88:323,

400. Seligman, M., E. P. (1975) Helplesness: On depression, development and death. Freeman, San Francisco.

401, Sharp, T, and S. Hjorth. (1990) Application of brain microdialysis (o study the pharmacology of the 5-HT)a
autoreceptor, J, Neurosci. Methods 34:83.

402. Shenker, A., S. Maayani, H. Weinstein, and J. P. Green, (1987) Pharmacological characterization of two 5-

hydroxytryptamine receptors coupled to adenylate cyclase in guinea pig hippocampal membranes. Mol. Pharmacol.
31:357.

403, Sherman, A. D. and F. Petty. (1980) Neurochemical basis of the action of antidepressants on learned helpless-
ness. Behav, Neural Biol. 30;119,

404, Shopsin, B., G. B. Cassano, and L. Conti. (1981) An overview of new “second generation” antidepressant
compounds: Research and treatment implications. In Antidepressants: neurochemical, behavioral, and clinical
perspectives, 8. J, Enna J.B. Malick and E, Richelson editors. Raven, N.Y., 219.

405, Shopsin, B., E. Friedman, and S. Gershon. (1976) Parachlorophenylalanine reversal of tranylcypromine cffects in
depressed patients. Arch. Gen. Psychiatry 33:811,

406. Shopsin, B., S. Gershon, and M., Goldstein. (1975) The use of synthesis inhibitors in defining a role for biogenic
amines during imipramine treatment in depressed patients. Psychopharmacol. Commun. 1:239.

4{77, Siever, L. J, and X. L, Davis. (1985) Overview: toward a dysregulation hypothesis of depression. Am. J. Psychia-
try 142:1017,



I - 67

408. Sladek, J. and P. Walker. (1977) Serotonin-containing neuronal perikarya in the primate locus cogruleus and
subcocruleus nuclei. Brain Res. 134:359,

409, Sleight, A. J., C. A. Marsden, M. G, Palfreyman, A. K. Mir, and W. Lovenberg. (1988) Chronic MAO A and
MAO B inhibition decreases the 5-HT)a receptor-mediated inhibition of forskolin-stimulated adenylate cyclase, Eur.
J. Pharmacol. 154:255.

410. Smilh, C. B., J. A. Garcia-Sevilla, and P. J. Hollingsworth. (1981) a2-Adrencceptors in rat brain are decreased
after long-term tricyclic antidepressant drug treatment. Brain Res. 210:413.

411. Soubrie, P., P. Martin, S. el Mestikawy, and M. Hamon. (1987) Delayed behavioral response to antidepressant
drugs following selective damage to the hippocampal noradrenergic innervation in rats. Brain Res. 437:323.

412, Sprouse, J. S. and G. K. Aghajanian. {1986) (-)-Propanolol blocks the inhibition of serotonergic dorsal raphe cell
firing by 5-HT A agonists. Eur. J. Pharmacol. 128:295.

413, Sprouse, J. S. and G. K, Aghajanian. (1987) Electrophysiological responses of seroloninergic dorsal raphe
neurons to 5-HT1a and 5-HT)p agonists. Synapse 1:3.

414, Stanford, C., D. J. Nutt, and P. J. Cowen, (1983) Comparison of the effects of chronic desmethylimipramine
administration on ¢2- and B-adrenoceptors in different regions of rat brain. Neuroscience 8:161.

415. Stanford, S. C. and D. J, Nutt. (1982) Comparison of the effects of repeated electroconvulsive shock on o2- and
fs-adrenoceptors in different regions of rat brain. Neuroscience T:1753.

416. Sunford, S. C., D. J. Nutt, and P. J. Cowen. (1983) Comparison of the effects chronic desmethylimipramine
administration on ¢z~ and beta-adrenoceptors in different regions of rat brain. Neuroscience 8:161.

417. Stanton, P. K. and U, Heinemann, (1986) Norepinephrine enhances stimulus-evoked calcium and potassium
concentration changes in dentate granule cell layer, Neurosci, Lett, 67:233,

418, Stanton, P. K., I. Mody, and U. Heinemann. (1989) A role for N-methyl-D-aspanate receptors in norepinephrine-
induced long-lasting potentiation in the demate gyrus. Exp, Brain Res. 77:517.

419, Stanton, P. K. and J. M. Sarvey. (1985) The effect of high-frequency electrical stimulation and norepinephrine on
cyclic AMP levels in nonmnal versus norepinephrine-depleted rat hippocampal slices. Brain Res. 358:343.

420. Swnton, P, K. and J. M. Sarvey. (1985) Blockade of norepinephrine-induced long-lasting potentiation in the
hippocampal dentate gyrus by an inhibitor of protein synthesis. Brain Res. 361:276,

421. Stanton, P, K. and J. M, Sarvey. (1987) Norepinephrine regulates long-term potentiation of both the population
spike and dendritic EPSP in hippocampal dentate gyrus. Brain Res. Bull. 18:115.

422, Starke, K. (1987) Presynaptic a-autoreceptors. Rev. Physiol. Biochem. Pharmacol. 107:73.

423. Starke, K., M. Gtithert, and H. Kilbinger. (1989) Modulation of neurotransmitter release by presynaplic
autoreceplors. Physiol. Rev. 69:864.

424, Starke, K. and H. Montel, (1973) Involvement of o-receptors in clonidine induced inhibition of transmitter
release from central monoamine neurones. Neuropharmacology 12:1073,

425. Stockmeier, C. A., A. M. Martino, and K. J. Kellar. (1985) A strong influence of serotonin axons on B-adrenergic
receptors in rat brain. Science 230:323.

426. Stockineier, C. A., S. W. McLeskey, J. A. Blendy, N. R. Armstrong, and K. J. Kellar, (1987) Electroconvulsive
shock but not antidepressant drugs increases o1-adrenoceptor binding sites in rat brain. Eur. J. Pharmacol. 139:259.



I - 68

427, Suaud-Chagny, M. F., C, Memet, E. Tibiri¢z, P, Bousquet, and F. Genon, (1992) Does rilmenidine act in vivo
onr central oz-adrenoceptors modulating noradrenaline release. Eur, J. Pharmacol. 213:305.

428, Sulser, F., A, J. Janowsky, F. Okada, D. H. Manier, and P. L. Mobley, (1983) Regulation of recognition and
action function of the norepinephrine {NE) receptor-coupled adenylate cyclase system in brain: implications for the
therapy of depression. Neuropharmacology 22:425,

429, Sulser, F. and E. Sanders Bush. (1987) The serotonin-norepinephrine link hypothesis of affective disorders:
receplor-receptor interactions in brain. Adv. Exp. Med. Biol. 221:489,

430, Svensson, T. H. (1980) Effect of chronic treatment with tricyclic antidepressant drugs on identified brain
noradrenergic and serotonergic neurons. Acta Psychiatr. Scand. 61:121,

431. Svensson, T. H., B. 8. Bunney, and G. K. Aghajanian, (1975) Inhibition of both NA and 5-HT neurons in brain
by the o-adrenergic agonist clonidine. Brain Res. 92:291.

432, Svensson, T. H. and T, Usdin. (1978) Feedback Inhibition of brain noradrenaline neurens by tricyclic antidepres-
sants; alpha receptor mediation, Science 202:1089.

433, Tepper, J. M., S. Nakamura, C. W. Spanis, L. R. Squire, S. J. Young, and P. M. Groves. (1982) Subsensitivity of
catecholaminergic neurons (o direct acting agonists after single or repeated electroconvulsive shock. Biol. Psychiatry
17:1059,

434, Thomas, D. N., D. J. Nutt, and R. B. Holman. (1992) Effects of acute and chronic electroconvulsive shock on
noradrenaline release in the rat hippocampus and frontal cortex, Br, J. Pharmacol. 106:430.

435, Tibirica, E., J. Feldman, C. Mermet, F. Gonon, and P. Bousquet. (1991) An imidazoline-specific mechanism for
the hypotensive effect of clonidine: a study with yohimbine and idazoxan. J, Pharmacol. Exp. Ther. 256:606.

436, Tiong, A. H. and J. S, Richardson. (1990) The characterization of B-adrenoceptor subtypes in the rat amygdala
and hippocampus. Int. J. Neurosci, 54:231.

437. Tbrk, 1. (1990) Anato:v of the serotonergic system. Ann. N. ¥. Acud. Sci. 600:9.

438, Trendelenburg, A. -U., M. Trendelenburg, K. Starke, and N, Limberger. (1994) Release-inhibiting az2-
adrenoceptors at serolonergic axons in rat and rabbit cortex: evidence for pharmacotogical identity with o2-
autoreceptors. Naunyn-Schmiedeberg's Arch. Pharmacol. 349:25.

439, Trulson, M. E. and T. Crisp. (1984) Role of norepinephrine in regulating the activity of serotonin-containing
dorsal raphe neurons. Life Sci. 35:511.

440, Trulson, M. E. and B. L. Jacobs. {1979) Raphe unit activity in freely moving cats: correlation with level of
behavioral arousal. Brain Res. 163:135.

441, U'Prichard, D. C., W, D, Bechitel, B, M. Rouot, and S, H. Snyder. (1979) Multiple apparent a-noradrencrgic
receptor hinding sites in rat brain: Effect of 6-OHDA. Mol. Pharmacol. 16:47.

442, Uhién, S., Y. Xia, V. Chhajlani, C. C. Felder, and J. E. S. Wikberg. (1992) [3H]-MK 912 binding delineates two

o:2-adrenoceptor subtypes in rat CNS one of which is identical with the cloned p A2d ap-adrenoceptor. Br. J.
Pharmacol. 106:986.

443, Tnnerstall, J. R., I. Fernandez, and L. M. Orensanz. (1985) The alpha-adrenergic receptor: radichistochemical
analysis of functional characteristics and biochemical differences. Pharmacol. Biochem. Behav. 22:859.

444, Valentino, R. J., A. L, Curtis, D. G, Parris, and R. G. Wehby. (1990) Antidepressant actions on brain
noradrenergic neurons. J. Pharmacol. Exp. Ther. 253:833.



I- 69

445, van Praag, H. M. (1983} in search of the mode of action of antidepressants: 5-HTP/tyrosine mixtures in depres-
sions. Neuropharmavology 22:433.

446, VanderMzelen, C. P. and G. K. Aghajanian. (1983) Electrophysiciogical and pharmacological characterization of
serotonergic dorsal raphe neurons recorded extracellularly and intracellularly in rat brain slices. Brain Res. 289:109.

447. VanderMaelen, C. P, and J. P. Braselton. (1992) Effects of the antidepressant compound nefazodone 4n central
monoaminergic neuronal discharge in rats, Drug Dev. Res. 25:235.

448, VanderMaelen, C. P, G. K, Matheson, R. C. Wilderman, and L. A. Patterson. (1986) Inhibition of serotonergic
dorsal raphe neurons by systemic and iontophoretic administration of buspirone, a non-benzodiazepine anxiol ytic
drug. Eur. J. Pharmacol. 129:123.

449, Varrault, A., V. Leviel, and J. Bockaert. (1991) 5-HT14 -sensitive adenylyl cyclase of rodent hippocampal
neurons: effects of antidepressant treatments and chronic stimulation with agonists. J, Pharmacol. Exp, Ther. 257:433,

450. Verge, D., G, Daval, M. Marcinkiewicz, A. Patey, S. el Mestikawy, H. Gozlan, and M. Hamon. (1986) Quantita-
tive autoradiography of multiple 5-HT) receptor subtypes in the brain of control or 5,7-dihydroxytryptamine-treated
rats. J. Neurosci, 6:3474,

451, Verge, D., G, Daval, A. Patey, H. Gozlan, S. el Mestikawy, and M. Hamon. (1985) Presynaptic 5-HT
autoreceptors on serotonergic cell bodies and/or dendrites but not terminals are of the 5-HT1a subtype. Eur. J.
Pharmacol. 113:463.

452, Vetukni, JI., L. Antkiewicz-Michaluk, and A. Rokosz-Pelc. (1984) Chronic administration of antidepressant
drugs increnses the density of cortical 3H-prazosin binding sites in the rat brain, Brain Res. 310:360.

453. Vetuluni, J., R. J. Stawarz, and F. Sulser, (1976) Adaptative mechanisms of the noradrenergic cyclic AMP
gencrating system in the limbic forebrain of the rat: Adaptation to persistent changes in the availability of
norepinephrine (NE). J. Neurochem. 27.661.

454, Villani, F, and D. Johnston. (1993) Serotonin inhibits induction of long-lerm potentiation at commissural
synapses in hippocampus. Brain Res. 606:304.

455. Vizi, E. S., L. J. Elenkov, F. Oberfrank, J, Kiss, and L. G, Harsing, (1992) Role of presynaptic az. heleroreceptors
in nonsynaptic modulation of ransmitter release, Ad., Bioscience 82:297.

456, Wang, H, Y. and E, Friedman. (1988) Chronic lithium: desensitization of autoreceptors mediating serotonin
release. Psychopharmacology 94:312,

457. Wang, R. Y. and G. K. Aghajanian. {1977) Antidromically identified serotonergic neurons in the rat midbrain
raphe: Evidence for collateral inhibition. Brain Res. 132:186.

458. Wang, R. Y. and G. K. Aghajanian, (1980) Enhanced sensitivity of amygdaloid neurons to serotonin and
norepinephrine after chronic antidepressant treatment, Commun. Psychopharmacol. 4:83.

459. Wang, Y. Y. and G. K. Aghajanian. (1987) Excitation of locus coeruleus neurons by an adenosine 3',5'cyclic
monophosphate-activated inward current: extracellular and intracellular studies in rat brain slices. Synapse 1:481.

460. Watanabe, Y., R. R. Sakai, B. S, McEwen, and S. Mendelson. (1993) Stress and antidepressant effects on
hippocampal and cortical 5-HT1A and 5-HT? receptors and transport sites for serotonin. Brain Res. 615:87.

461. Weiner, N. and P. B, Molinoff. (1994) Catecholamines. In Basic Neurochemisiry: Molecular, cellular, and
iedical aspects. G. 1. Siegel, B. W. Agranoff, R, W, Albers, and P. B. Molinoff, editors. Raven, New York. 261-281.

462. Weissmann-Nanopoulos, D., E. Mach, J, Magre, Y. Demassey, and J, F. Pujol. (1985) Evidence for the localiza-
tion of 5-HT14 binding sites on serotonii containing neurons in .. ~phe dorsalis and raphe centralis nuclei of the
rat brain. Neurochem. Int. 7:1061.



I-70

463, Welner, S. A., C. de Montigny, J. Desroches, P, Desjardins, and B, E, Suranyi-Cadotte. (1989) Autoradiographic
quantification of serotonin; A receptors in rat brain following antidepressant drug treatment, Synapse 4:347,

464, Westlund, K, N,, R. M. Denney, R. M. Rose, and C. W. Abell. (1988) Localization of distinct monoamine
oxidase A and monoamine oxidase B cell populations in human brainstem. Neuroscience 25:439.

465, Wilkinson, L. O. and B. L. Jacobs. (1988) Lack of response of serotonergic neurons in the dorsal raphe nucleus
of freely moving cats to stressful stimuli. Exp. Neurol. 101:445,

466, Williams, J. T. (1988) Voltage- and ligand-activated inwardly rectifying currents in dorsal raphe neurons in vitro,
J. Neurosci. 8(9):3499.

467. Williams, J. T., G. Henderscn, and R. A, North. (1985) Characterization of z-adrenoceptors which increase
potassivm conductance in rat locus coeruleus neurones. Neuroscience 14:95.

468. Williams, J. T, and R, A. North, (1985) Catecholamine inhibition of calcium action potentials in rat locus
coeruleus newrones. Neuroscience 14:103,

469, Willner, P. (1985) Noradrenaline and depression: Theoritical perspectives. In Depression: A psychebiological
synthesis, Wiley, New York. 193-215,

470. Willner, P. (1985) Depression: A psychobiological synthesis. Wiley, New York.

471. Willner, P. (1985) Antidepressants and serotonin, In Depression: A Psychobiological synthesis. Wiley, New
York. 327-351.

472, Winson, J. and D. Dahl. (1985) Action of norepinephrine in the dentate gyrus. II. Iontophoretic studies. Exp.
Brain Res. 59:497,

473. Wolfe, D. B., T. K. Harden, J. R. Spom, and P. B. Molinoff. (1978) Presynaptic modulation of f-adrenergic
receptors in rat cerebral cortex after treatment with antidepressants. J. Pharmacol. Exp. Ther. 207:305.

474, Yakel, J. L. (1992) 5-HT3 receptors as cation channels, In Central and peripheral 5-HT3 recepiors. Academic
Press, 102-127.

475, Yakel, J. L. and M. B. Jackson. {1988) 5-HT3 receptors mediate rapid responses in cultured hippocampus and a
clonal cell line. Neuron. 1:615.

476. Yamamoto, H., U. Tomita, M. Mikuni, I. Kobayashi, A. Kagaya, T. Katada, M. Ui, and K. Takahashi. (1992)
Direct activation of purified Go-type GTP binding protein by tricyclic antidepressants. Neurosci. Lett. 139:194,

477. Yazici, O., F, Aricioglu, G. Giirvit, A. Ugok, Y. Tastaban, . Canberk, M. Ozgtiroglu, T. Durat, and D. Sahin.
(1993) Noradrenergic and serotoninergic depression. J. Affect. Disord. 27:123.

478. Young, E. A,, S. Akana, and M. F. Dallman. (1990) Decreased sensitivity to glucocorticoid fast feedback in
chronically stressed rats. Neuroendocrinology 51:536.

479. Young, £. A., R. F. Haskett, V. Murphy-Weinberg, S. J. Watson, and . Akil. (1991) Loss of glucocorticoid fast
feedback %n depression, Arch. Gen. Psychiatry 48:693.

480, Zemlan, F. P, and D. L, Garver, (1990) Depression and antidepressant therapy; receptor dynamics. Prog.
Neuropsychopharmacol. Biol. Psychiatry 14:503.

481. Zgombick, J. M., 8. G. Beck, C, D. Mahle, B. Craddock-Royal, and S. Maayani, (1989) Pertussis toxin-sensilive
guanine nucleotide-binding protein(s) couple adenosine Al and 5-hydroxytryptamine;a receptors to the same effector
systems in rat hippocampus: biochemical and electrophysiological studies. Mol. Pharmacol. 35:484.



First article

This research endeavour had essentially two aims: first, to identify and
characterize adrenergic and 5-HT receptors implicated in interactions between the NA
and 5-HT systems of the hippocampus, and second, to determine whether these
interactions are altered by antidepressant wreatments. The presence of c2-adrenergic
heteroreceptors on S-HT fibers was well documented in the early 80's in in vitro studies
using brain slices. However, the in vivo electrophysiological characterization of these
adrenoceptors had not been done. In this first study, we performed this task using the
technique of electrical stimulation of the ascending 5-HT pathway coupled with
orthodromic recording in the CA3 region of the rat hippocampus. In brief, stimulation of
the 5-HT pathway produces a suppression of firing of pyramidal neurons, the duration of
which is determined by the sensitivity of postsynaptic 5-HT1A receptors and by the
amount of 5-HT released into the synaptic cleft. For instance, agents that decrease the
release of 5-HT from terminals by activating 5-HT terminal autoreceptors have been
shown to decrease the duration of suppression of firing. This electrophysiological
paradigm allowed us to resolve an important issue, that is, the presence or the absence in
vivo of a tonic inhibitory action of endogenous NA on o2-adrenoceptors of the 5-HT
fibers.

This article entitled “In vivo electrophysiological evidence for a tonic activation
by endogenous noradrenaline of az-adrenoceptors on 5-hydroxytryptamine terminals in
the rat hippocampus” by myself, Pierre Blier and Claude de Montigny was published in
the Naunyn-Schmiedeberg's Archives of Pharmacology (1993, vol. 347, pp. 266-272).
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Summary. The activation of aj-adrencrgic heterorecep-
tors was studied by comparing the effectiveness of the
electrical stimulation of the ascending 5-HT pathway in
suppressing the firing activity of CAj; dorsal hippocam-
pus pyramidal neurons prior to, and following, the intra-
venous administration of noradrenergic agents, Desipra-
mine (2 mg/kg), a selective noradrenaline reuptake block-
er, reduced the efficacy of the stimulation; this effect was
reversed by the aj-adrenoceptor antagonists yohimbine
(0.5 mg/kg) and (-)mianserin (0.5 mg/kg), but not by
idazoxan (0.5 mg/kg), an adrenoceptor antagonist with
preferential affinity for the imidazoline recognition sites.
Low doses of the a,-adrenoceptor agonist clonidine (2
and 10 pg/kg) enhanced the efficacy of the stimulation,
while high doses (100 and 400 ug/kg) reduced it. These
incremental and decremental effects of clonidine were re-
versed by 0.1 and 1 mg/kg of yohimbine, respectively.
The enhancing ffect of the low dose of clonidine
{10 ug/kg) was abolished in rats pretreated with the nor-
adrenaline neurotoxin 6-hydroxydopamine. However, the
inhibitory effect of a high dose of clonidine (100 pg/kg)
was unaltered by this pretreatment. These results indicate
that low doses of clonidine preferentially activate a,-
adrenergic autoreceptors on the noradrenaline neurcns
resuiting in a reduction of the tonic inhibitory effect of
endogenous noradrenaline on 5-HT neurotransmission,
_ while higher doses of clonidine would decrease 5-HT
neurotransmission through the direct activation of
as-adrenergic heteroreceptors on 5-HT terminals. Fur-
thermore, the selective a,-adrenergic heteroreceptors an-
tagonist (—)mianserin (0.5 mg/kg) increased by itseif the
efficacy of 5-HT neurotransmission, an effect not ob-
served with yohirnbine and idazoxan. Taken together,
these results suggest that, in vivo, the aj-adrenoceptors
on 5-HT terminals of the rat hippocampus are tonically
activated by endogenous noradrenaline and modulate
5-HT relcase
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Key words: a;-Adrenergic heteroreceptors — Electro-
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Introduction

Several in vitro studies, using brain slices or synapto-
somes, have provided evidence lor the existence of a-ad-
renoceptors on 5-HT terminals in the brain of different
species {for a review see Gdthert and Schlicker 1991, see
also: Raiteri et al. 1990; Gobbi et al. 1990; Maura et al,
1992), The data on the tonic inhibitory action of endoge-
nous noradrenaline on a,-adrenoceptors modulating the
in vitro release of ’H]5-HT from prelnaded brain slices
are, however, conflicting. On the one hand, experiments
with classical @;-adrenoceptor antagonists have generally
suggested that o;-adrenergic heteroreceptors are not ton-
ically activated by endogenous noradrenaline (Gothert et
al. 1981; Schlicker et al, 1983; Galzin et al. 1984}. On the
other hand, the enhanced evoked release of ["H]S-HT
following exposure to high concentrations of the o-adre-
noceptor antagonist phentolamine has been interpreted
as an evidence for the presence of a tonic inhibitory ac-
tion of endogenous noradrenaline on 5-HT neurotrans-
mission (Gothert and Huth 1980; Feuerstein <t al. 1985;
Frankhuijzen et al. 1988). However, further studies by
Limberger et al. (1989) have shown that phentolan:ine en-
hances [*H]5-HT release, not by its action at ay-adicner-
gic heteroreceptors, but rather by blocking 5-HT
autoreceptors.

Using rabbit hippocampus slices, Feuerstein et al.
{1985) have reported that endogenous noradrenaline can
aclivate ap-adrenergic heteroreceptors when its synaptic
concentration is increased by blocking the noradrenaline
reuptake carrier. This phenomenon was not observed in
studies using preloaded slices of rat hypothalamus
(Galzin et al. 1984), rat hippocampus (Benkirane et al.
1985) and rabbit cerebral cortex (Limberger <t al. 1986).
Takei together, these results obtained in vitro suggest that
the aciivation of a;-adrenoceptors on 5-HT terminals by



endogenous noradrenaline is rather weak, if not absent,
depending on the species and/or the brain structure.
However, the activation of these aj-adrenergic hetero-
receptors by endogenous noradrenaline appears to be
functionally important in vivo since the responsiveness of
these receptors lo agonist stimulation was increased
following noradrenergic denervation with DSP4
(Benkirane et al. 1985; Ellison and Campbell 1986).
Therefore, studies using in vitro preparations may not be
adequate to investigate the inhibitory action of endoge-
nous noradrenaline on 5-HT release. Consequently, it was
deemed crucial to assess the function of the aj-adreno-
ceptors that modulate 5-HT neurotransmission using an
in vivo electrophysiological paradigm.

Three strategies were used in the present study to in-
vestigate the function of a,-adrenergic hetero- and auto-
receptors in modulating 5-HT release. First, the concen-
tration of synaptic noradrenaline was increased by the
acute blockade of the noradrenergic reuptake carrier with
desipramine, Second, different doses of the a,-adreno-
ceptor agonist clonidine were tested on the efficacy of the
stimulation of the 5-HT pathway. Third, the effects of the
as-adrenoceptor antagonists yohimbine, idazoxan or
(-)mianserin were also assessed on their own and follow-
ing the administration of clonidine or desipramine. Yo-
himbine is a classical a;-adrenoceptor antagonist {(Gold-
berg and Robertson 1983}, whereas idazoxan is an a,-ad-
renoceptor antagonist with affinity for the imidazoline
recognition site (Hamilton et al. 1988; Michel et al. 1990).
The (- )siereoisomer of mianserin is a particularly inter-
esting compound since it has been reported to block the
action of noradrenaline at a,-adrenergic heteroreceptors
on 5-HT terminals, but not at aj-adrenergic autorecep-
tors on noradrenergic terminals (Raiteri et al. 1083; Mau-
ra et al. 1985).

Materials and methods

Male Sprague-Dawley rats (225— 300 g) maintained on a 12:12 light-
dark cycle with free access to food and water were used. Lesions of nor-
adrenaline neurons were performed on a group of ecight rats that re-
ceived, under chloral hydrate anesthesia (400 mg/kg, i.p.), an in-
tracerebroventricular injection of 6&-hydroxydopamine (6-OHDA;
120 ug free base in 20 ul of 0.9% NaC) and 0.1% ascorbic acid), 1 h af-
ter an injection of fluoxetine (10 mg/kg, i.p.) administered to protect
the 5:HT system from the neurotoxic action of 6-OHDA, A control
group of four rats were injected with 20 pul of 0.9% NaCl,

Recording from dorse’ nippocampus CA; pyramidal neurons. Extra-
cellular unitary recordings and microlontophoresis were performed in
the CA, layer of hippocampus with five-barrelled micropipettes, pulled
in a conventional manner with the tip broken to a diameter of
9—1t um. The central barrel, used for recording, was filled with a
2 mol/1 NaCl solution and the side barrels contained the following solu-
tions: $-HT creatinine sulfaie (0.5 mmol/| in 206 mmol/l NaCl, pH 4),
noradrenaline bitarirate (20mmol/l in 200 mmol/l NaCl, pH4),
acetylcholine chloride (20 mmol/! in 200 mmol/] NaCl, pH4) and a
2 mol/1 NaCl solution used for automatic current balancing. The 5-HT
and noradrenaline solutions were retained with a —7 nA current bes
tween ¢jections, Pyramidal neurons were identified by their large ampli-
tude (0.5—-1.2mV) and long duration (0.8-1.2 m<) simple spikes alter-
nating with complex spike discharges (Kandel and Spencer 1961). These
characteristics readily permit to differentiate pyramidal neurons (rom
interneurons. A leak or small current of acetylcholine (— 1 to § nA) was
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used 1o activate silent or slowly discharging pyramidal neurons to a
physiologic firing rate (8—12 Hz), since most of these cells do not dis-
charge spontaneously in chloral hydrate-anesthetized rats.

To evaluate the effectiveness of the 6-OHDA lesion, the recovery of
the firing rate of the pyramidal ncurons following the microion-
tophotetic application of noradrenaline was assessed by determining the
recovery time 50 (RTgg). This parameter is defined by the time (in sec-
onds) required for the firing rate to recover by 50% from the termina-
tion of the microiontophoretic application {de Montigny et al. 1980).

Stimulation of the 3-HT pathway. To activate the 5-HT projections to
the dorsal hippocampus, & bipolar electrode (NE-100; David Kopl, Tu-
junga, Calif., USA) was implanted on the midline with a 10*® backward
angle in the ventromedial tegmentum, | mm anterior to lamda and
8.3 mm below the cortical surface. Two hundred square pulses of 0.5 ms
were delivered by a stimulator (58800; Grass Instruments, Quincey,
Mass,, USA) at a frequency of 1 Hz and at an intensity of 300 pA, The
stimulation pulses and the firing activity of the neuron recorded were
fed to an IBM-PC computer equipped with a Tecmar interface,
Peristimulus time histograms were generated to determine the duration
of suppression of firing, measured in absolute silence value (SIL, in ms)
{Chaput et al. 1986). This parameter is obtained by dividing the total
number of events suppressed following the stimulation by the mean fre-
quency of firing of the neuron recorded, It thus represents an estimation
of the duration of the suppression of firing corrected for the mean pre-
stimulation firing rate of the neuron recorded. The effect of stimulating
the ascending 5-HT fibers was determined for the same neuron prior to,
and following, the intravenous injection of desipramine (2 mg/ks),
clonidine (2-400 ug/kg), yohimbine (0.1-1mg/kg), {-)mianserin
(0.5 mg/kg) or idazoxan (0.5 mg/kg). The time elapsed between the
control stimulation periods and those following the administration of
the drugs was generally around 15 min.

Drugs, The following drugs were used: desipramine (Merrell Dow, Cin-
cinnati, OH, USA), (=)mianserin (Organon, Oss, The Netherlands),
yohimbine HC, idazoxan HCI, clonidine HCL, 5-HT creatinine sulfate,
noradrenaline bitartrate, 6-OHDA HCI and acetylcholine chloride
(Sigma Chemicals, 5t. Louis, Mo., USA) and chloral hydrate (American
Chemicals, Montréal, Québec, Canada).

Statistical analysis. All results are expressed as means: SEM. The sta-
tistical significance of the difference between the effects of the stimula-
tion of the S-HT pathway prior to, and following, the administration of
a drug was assessed with the two-tailed paired Student's r-test. The de-
gree of statistical significunce of :he difference between the RT, of the
intact rats and the 6-OHDA-treated rats was calculated with the two-
tailed Student's r-test,

Results

Effect of acute desipramine administration
on the efficacy of 5-HT neurotransmission

Desipramine (2 mg/kg), a specific noradrenaline reup-
take inhibitor (Ross and Renyi 1975), was tested in order
to examine the effect of an increased synaptic availability
of endogenous noradrenaline on the efficacy of the stim-
ulation of the 5-HT pathway to suppress the firing activi-
ty of dorsal hippocampus CA; pyramidai neurons. As
shown in Fig. ! A, the administration' of desipramine
markedly reduced the duration of suppression of firing.
The SIL value after desipramine administration was 48%
smaller than that before the injection of the drug
{Fig. 1B).

In order to confirm the aj-adrenergic nature of this
effect of desipramine, the a,-adrenoceptor antagonists
yohimbine, idazoxan or (—)mianserin were injected fol-
lowing the administration of desipramine. Yohimbine
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(0.5 mg/kg), a classical a;-adrenoceptor antagonist, re-
versed the effect of desipramine {Fig. = A), while idazoxan
(0.5 mg/kg). an adrenoceptor antagonist with affinity for
the imidazoline recognition site, did not alter significant-
ly the effect of desipramine (Fig. 2B). The a,-adrenergic
heteroreceptor antagonist (—)mianserin (0.5 mg/kg) re-
versed the suppressant effect of desipramine (Fig. 2C).

Effect of acute clonidine administration
on the efficacy 5-HT neurotransmission

The dose-response curve depicted in Fig.3 shows that
clonidine exerted a biphasic effect on 5-HT neurotrans-
mission. Low doses of clonidine (2 and 10 ug/kg) en-
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Fig. 1A, B. Effect of intravenous injections of desipramine on the
efficacy of the electrical stimulation of the ascending 5-HT path-
way in suppressing the firing activity of CA, pyramidal neurons
of hippocampus, A Representative peristimulus time histograms
illustrating the effect of desipramine (DMI) in a single experi-
ment. Each peristimulus time histogram was constructed from
200 pulses of 0.5 ms delivered at 1 Hz at time 0 with an intensity
of 300 uA. Bin width is 2 ms. B Histograms showing the effect
of the intravenous administration of desipramine in 16 experi-
ments, The SIL values represent the duration of suppression of
firing. Data are meanxSEM. * P<0.001, using a two-tailed

paired Student’s r-test, comparing prior 1o, and following,
desipramine administration.

hanced the efficacy of the stimulation, while high doses
{100 and 400 ug/kg) reduced it. The 2 ug/kg dose of
clonidine increased the SIL value from 355 to 42+ 5 ms,
while the 10 ng/kg dose produced a more robust en-
hancement of the suppression of firing activity with the
SIL value increasing from 382 to 502 ms. The higher
doses of clonidine (100 and 400 ng/kg) produced the op-
posite effect with SIL values being reduced from 44+2 to
35+2ms and from 52+4 to 354 ms, respectively.
That these effects of clonidine were attributable to the
activation of aj-adrenoceptors was then ascertained by
subsequently injecting the as-adrenoceptor blocking
agent yohimbine. Both the incremental and the
decremental effects of clonidine on 5-HT neurotransmis-
sion were antagonized by yohimbine.' Doses of yohimbine

Fig. 2. Histograms illustrating the effect of the intrave.
nous administration of the aj-adrenoceptor antagonists
yohimbine (YOH) A, idazoxan ((DX) B and (~)mians -in
((—MIAN]) C subsequently to the injection of
desipramine on the efficacy of the electrical stimulation
of the ascending S-HT pathway, The SIL values represent
the duration of suppression of firing. Data are
mean+SEM, *P<0.05, **P<0.01 using & two-tailed
paired Student’s -test, comparing prior 1o, and following,
the consecutive administrations of desipramine and of the
ay-adrenoceplor antagonist.
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Fig. 3. Effect of intravenous injections of different doses of clonidine
on the efficacy of the ¢lectriczl stimulation of the ascending 5-HT path-
way. The number of rats tested for each dose of clonidine is given within
the points. £<0.001, two-tailed paired Student's ¢-test, comparing pri-
or to, and following, clonidine administration

ten times higher than that of clonidine were used:
0.1 mg/kg of yohimbine antagonized the effect of
10 ug/kg of clonidine and 1 mg/kg yohimbine antago-
nized the effect of 100 pg/kg of clonidine (Fig. 4).

Effect of noradrenergic denervation on the modulation
of 3-HT neurotransmission by clonidine

The contention that low doses of clonidine increase 5-HT
neurotransmission by attenuating endogenous noradren-
aline release, as a result of the activation of a,-adrener-
gic autoreceptors located both on the cell body and termi-
nals of noradrenaline neurons, and that high doses direct-
ly activate a,-adrenergic heteroreceptors located on
S-HT terminals, was tested in noradrenergic-denervated
rats that had received an intracerebroventricular injection
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Fig. 4. Effect of the Intravenous administration of yohimbine on the ef-
ficacy of the stimulation of the ascending 5-HT pathway following the
intravenous injection of a low (A) and a high (B) dose of clonidine
(CLO). Six rats were tested for each dose of clonidine. The SIL values
represents the duration of suppression of firing. Data are mean+SEM.
*P<0.01, two-tailed paired Student’s r-test, comparing prior to, and
following, clonidine or yohimbine administration
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of the toxin 6-OHDA two weeks before the experiments,
The effectiveness of the lesions was verified by assessing
the recovery time (RTy,) of the firing rate of CA, pyra-
midal neurons following the microiontopho1etic applica-
tion of noradrenaline. In keeping with the notion that in-
tact noradrenaline fibers are required for the noradrena-
line reuptake process to allow a prompt recovery of the
firing activity of these neurons (de Montigny et al. 1980),
the marked increase (488%) in the RTy of 6-OHDA
treated rats (Fig. 5 A) confirmed an adequate lesioning of
the noradrenergic terminals.

The effectiveness of the stimulation of the ascending
5-HT pathway in suppressing the firing activity of the
pyramidal neurons was similar in saline and 6-OHDA-
pretreated rats. However, the enhancing effect of the
10 pg/kg dose of clonidine on the efficacy of the stimula-
tion of the ascending 5-HT pathway was abolished by the
6-OHDA pretreatment (Fig. 5B). Whereas, the decrease
in the efficacy of the stimulation induced by 100 ug/kg
of clonidine was still present in the same rats, indicating
that the former, but not the latter, effect is dependent on
the presence of noradrenergic terminals, Furthermore,
the percentage of inhibition produced by 100 ug/kg of
clonidine in the 6-OHDA-pretreated rats (31 £7%; n=7)
was greater than that produced in intact rats (21 +4%;
n=28).

Effect of ay-adrenoceptor antagonists
on 5-HT neurotransmission

In order to verify whether endogenous noradrenaline at-
tenuates 5-HT neurotransmission under hasal conditions,
the efficacy of the stimulation of the 5-HT pathway was
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Fig. 5. A Neuronal recovery from the microiontophoretic application of
noradrenaline in saline (SAL) and 6-QHDA-pretreated rats. The RT;
value is the time required by the neuron from the end of the application
to recover jts firing activity by $0%. The number of neuron tested is giv-
en at the bottom of each column. Data are mean+SEM. **P<(.001,
two-tailed Student’s t-test comparing control and 6-OHDA-pretreated
rats, B Effects of the consecutive administration low and a high dose
of clonidine in seven 6-OHDA-pi<: eated rats on the efficacy of the elec-
trical stimulation of the ascending 5-HT pathway. The SIL values repre-
sents the duration of suppression of firing. Data are mean+SEM.
*P<0,01, two-tailed paired Student's f-test, comparing prior to, and
following, clonidine administration
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tested prior to, and following, the administration of
0.5 mg/kg of the os-adrenoceptor antagonists yohim-
bine, idazoxan and (—)mianserin. As illustrated in
Fig. 6A and B, yohimbine and idazoxan had no effect by
themselves on 5-HT neurotransmission. However, the
selective a,-adrenergic heteroreceptor antagonist (~)mi-
anserin (Fig. 6C) increased by 34% the duration of sup-
pression of firing produced by the stimulation of the
5-HT pathway.

Discussion

The purpose of the present study was to determine
whether a,-adrenoceptors located on 5-HT terminals in
the rat hippocampus are tonically activated by endoge-
nous noradrenaline in vivo. The effect of the activation
of these aj-adrenergic heteroreceptors was therefore
studied by comparing the effectiveness of the electrical
stimulation of the ascending 5-HT pathway in suppress-
ing the firing activity of dorsal hippocampus pyramidal
neurons prior to, and following, the intravenous ad-
ministration of noradrenergic agents. Thus, in this para-
digm, the duration of suppression of firing is an indica-
tion of the amount of 5-HT released in the synapse.
Three different sets of data obtained in the present study
support the contention that 5-HT neurotransmission is
under tonic inhibitory noradrenergic control: 1) An in-
crease in the synaptic concentration of noradrenaline in-
duced by desipramine decreased the effectiveness of the
stimulation of the 5-HT pathway; 2) Low doses of
clonidine, that decrease noradrenaline output by ac-
tivating a,-adrenergic autoreceptors on noradrenaline
neurons, increased 5-HT neurotransmission; and 3) The
blockade of a,-adrenergic heteroreceptors by (—)mian-
serin increased the efficacy of the stimulation of the
5-HT pathway.
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Fig. 6. Histogram illustrating the effect on the efficacy of the electrical
stimutation of the ascending5-HT pathway of the intravenous ad-
nunisizanon ol the ay-adrenoceptor antagonists yohimbine (A),
idazoxan (B) and (-+pmuanz=7in ) in the basal condition. The SIL
values represents the duration ol suppression of firing. Data are
mean+SEM. The number of rats tested is given at the bottom of the
open columns. * P<0.05, two-tailed paired Student's r-test, comparing
prior to, and following, (-)mianserin administration

The results obtained in the present in vivo study fol-
lowing acute blockade of the noradrenaline reuptake pro-
cess with 1:sipramine are at variance with previous in
vitro findings. Noradrenaline reuptake blockade reduced
the duration of suppression of firing by about 50% in
vivo (Fig. 1}, while in vitro it either did not change the
evoked release of [*H]S-HT (Galzin et al. 1984;
Benkirane et al. 1985; Limberger et al. 1986) or reduced
it by a mere 15% (Feuerstein et al. 1985). A possible ex-
planation for this apparent discrepancy is that the tonic
inhibitory action of endogenous noradrenaline on
a,-adrenergic heteroreceptors is minimal in in vitro prep-
arations. Endogenous noradrenaline may hardly reach
5-HT terminals because it is washed away by the superfu.
sion flow. Alternatively, the possibility that desipramine
exerted its effect in the present experimental paradigm by
ai action on receptors other than aj-adrenoceptors
which affect the function on 5-HT terminals can be ex-
cluded since it was reversed with the a,-adrenoceptor an-
tagonists yohimbine and {-)mianserin. It is noteworthy
that although yohimbine has a moderately high affinity
for 5-HT, 5 binding sites (pKp = 6.9), mianserin has a
lower affinity for these sites (pKp = 6.0; Hoyer, 1991).
Furthermore, mianserin does not alter the firing activity
of 5-HT neurons nor does it block their somatodendritic
5-HT, 5 autoreceptors {Blier et al, 1984),

The observation that idazoxan was ineffective in
blocking the suppressant effect of desipramine may ap-
pear puzzling. First, the possibility that idazoxan does
not penetrate the blood brain barrier can readily be ex-
cluded because there is shundant evidence for the capaci-
ty of idazoxan, injected intravenously, to antagonizc a,-
adrenoceptors at doses much lewer than the one used
here on locus coeruleus neuror.s both at the level of their
cell body and nerve terminals (Washburn and Moises
1989; Curet and de Montigny 1989). Second, there is the
possibility that idazoxan could act as a partial agonist at
as-adrenoceptors as it was reported to occur with low
levels of endogenous noradrenaline (Limberger and
Starke 1983). However, this is probably not the case here
since the level of noradrenaline was etevated through
reuptake blockade by desipramine. Another explanation
could be that idazoxan is less potent at a;-adrenoceptors
on 5-HT fibers than on noradrenergic fibers. This would
be consistent with a previous in vitro study showing that
idazoxan displays an affinity for autoreceptors on norad-
renergic terminals about 250-fold greater than for
adrenoceptors on 5-HT terminals {Preziosi et al. 1989).
Furthermore, idazoxan has a high affinity for imidazoline
recognition sites. Evidence has been presented suggesting
the existence of a non-catecholamine endogenous ligand
for imidazoline sites and that noradrenaline would act ex-
clusively at the oj-adrenergic phenylethylamine sites
(Atlas et al. 1987; Ernsberger et al, 1988; Tibirica et al,
1991). In keeping with this, our results suggest that a,-
adrenoceptors on 5-HT terminals would be of the a;-ad-
renergic phenylethylamine type and would be activated by
endogenous noradrenaline, but not by a putative endoge-
nous imidazoline ligand.

The biphasic effect of the a,-adrenoceptor agonist
clonidine on S-HT neurotransmission is also consistent



with the notion that ay-adrenergic heteroreceptors and
ay-adrenergic autoreceptors would not be identical, con-
sistent with previous reports (Frankhuyzen and Mulder
1982; Maura et al. 1985) shov.ing that the potency of
clonidine is 10 times higher at the a,-adrenergic autore-
ceptors than at the a,-adrenergic heteroreceptors in the
rat hippocampus, cerebral cortex and hypothalamus. The
enhancing effect of low doses of clonidine on 5-HT neu-
rotransmission is at variant with the in vivo microdialysis
results of Tao and Hjorth (1992) and Yoshioka et al.
(1992) who found in the rat hippocampus an inhibitory
effect of clonidine on 5-HT release at high doses, but no
change with low doses of clonidine. That the enhancing
cflect of a low dose of clonidine in the present study was
a,-adrenergic in nature is corroborated by its blockade
with the a,-adrenoceptor antagonist yohimbine. A possi-
ble explanation for the discrepancy might be that the
clectrophysiological paradigm use herein is more suitabie
than microdialysis to detect the effect of local changes in
noradrenaline availability on 5-HT neurotransmission. In
support of that contention, the observation that the
enhancing effect of the low dose of clonidine (i 0 pg/kg)
was abolished in 6-OHDA-pretreated rats (Fig. 5B) in-
dicates that this effect of clonidine is attributable to the
activation of @y-adrenergic autoreceptors, resulting in a
decreased tonic activation of a;-adrenergic heterorecep-
tors by endogenous noradrenaline. Contrary to the en-
hancing effect of the low dose of clonidine {10 pg/kg),
the inhibitory effect of the high dose clonidine
(100 ug/kg) on 5-HT neurotransmission was not abol-
ished by the 6-OHDA treatment suggesting that the high
dose of clonidine activates directly the a,-adrenergic
heteroreceptors to decrease 5-HT release.

The inhibitory effect of the high dose (100 pg/kg) of
clonidine was slightly increased in 6-OHDA-pretreated
rats, consistent with previous reports of an increased
responsiveness to agonist stimulation of aj-adrenergic
heteroreceptors following noradrenaline denervation with
the toxin DSP4 (Benkirane et al, 1985; Ellison and Camp-
bell 1986}, However, these results are at variant with stud-
ies showing that the responsiveness of a,-adrenergic
heteroreceptors to clonidine (Yoshioka et al, {992) or to
exogenous noradrenaline (Schlicker et al. 1982) is not
altered following denervation with 6-OHDA. There is the
possibility that DSP4 produces a greater depletion of
noradrenaline than 6-OHDA. If this holds true, the in-
creased effect observed after DSP4 might be explained by
a decreased competition of the exogenous agonist with
endegenous noradrenaline instead of a change in the sen-
sitivity of the receptor per se (Gothert and Schlicker
1991). Furthermore, it may appear surprising that the ef-
fectiveness of the stimulation of the ascending 5-HT
pathway in the 6-OHDA-pretreated rats was not greater in
saline-pretreated rats considering that the inhibitory tone
of endogenous noradrenaline on 5-HT neurotransmis-
sion should have been removed. Consistently, Schlicker et
al. (1982) and Yoshioka et al. {1992) found no change in
the evoked release of 5-HT in their control condition fol-
lowing a noradrenaline depletion with 6-OHDA., Three
explanations can be envisaged to account for this ap-
parent discrepancy in these results and/or the present
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study: 1) The toxin §-OHDA not being entirely specific
for the catecholaminergic fibers could have lesioned some
of the 5-HT fibers resulting in a reduction in 5-HT neuro-
transmission. However, this is not likely since the 5-HT
carrier was blocked with fluoxetine | h before the admin-
istration of the toxin. Such a procedure is known to effec-
tively protect the rat brain from 5-HT .depletion (Gravel
and de Montigny 1987); 2} A change in 5-HT neurotrans-
mission could have remained undetected due to the small
number of rats tested. However, this is not probable since
an expected change of about 40% (similar to that ob-
served following the acute administration of 10 pg/kg of
clonidine) should have been readily detected; 3) Compen-
satory mechanisms may have entered into play. For in-
stance, 5-HT autoreceptors could have maintained the ef-
ficacy of 5-HT neurotransmission in the normal range
despite the changes in the tonic inhibitory effect of en-
dogenous noradrenaline on a;-adrenergic heterorecep-
tors.

Another important issue is the possibility that a tonic
inhibitory effect of endogenous noradrenaline on a,-ad-
renergic heteroreceptors could be blocked by as-adreno-
ceptor antagonists. We did not find any change in the ef-
ficacy of the stimulation of the 5-HT pathway in the rat
hippocampus following the administration of idazoxan in
naive rats, in keeping with the findings of Tao and Hjorth
in the same species and tissue (1992). Even though
yohimbine was effective in blocking the inhibitory effect
of increased endogenous noradrenaline concentration in-
duced by desipramine, it did not antagonize the putative
inhibitory action of endogenous noradrenaline on 5-HT
neurotransmission in the basal condition. One plausible
explanation for these results might be that while yohim-
bine is expected to increase 5-HT release by blocking
az-adrenergic heteroreceptors, it also blocks a,-adrener-
gic autoreceptors on noradrenergic neurons increasing en-
dogenous noradrenaline release and consequently de-
creasing 5-HT release. In the basal condition the two phe-
nomena would cancel each other, thus resulting in an un-
changed 5-HT neurotransmission. The enhanced 5-HT
neurotransmission obtained with the specific a,-adrener-
gic heteroreceptor antagonist ( — Ymianserin supports this
possibility. The (-)stereoisomer of mianserin presum-
ably blocked the aj-adrenergic heteroreceptors without
affecting the as-adrenergic autoreceptors (Maura et al.
1985; Raiteri et al. 1983), thus revealing the presence of
a tonic inhibitory action of endogenous noradrenaline on
5-HT neurotransmission.

The results of the present study indicate that the nor-
adrenaline system interacts in vivo with the 5-HT system
via ay-adrenoceptors |ocated on 5-HT terminals. This in-
teraction might be clinically important in the mechanism
of action of antidepressant drugs which augment the
availability of noradrenaline in the synapse. Preliminary
results suggest that such antidepressant alter the sensitivi-
ty of these a;-adrenergic heteroreceptors (Mongeau et al.
1992},
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Second article

We have then undertaken to determine whether long-term antidepressant
treatments would affect the responsiveness of the a2-adrenoceptors modulating the
release of 5-HT using the electrophysiological paradigm of the previous study. Our
working hypothesis was that there might be a decreased inhibitory effect of endogenous
NA at o2-adrenergic heteroreceptors after antidepressant treatments, which would result
from cither a desensitization of o:2-adrenergic heteroreceptors or fr-m a reduced input of
endogencus NA acting at these heteroreceptors, or both. The sensitivity of the o2-
adrenergic heteroreceptors was tested with a high dose of clonidine (400 pg/kg 1.v.) and
the degree of tonic inhibition by endogenous NA was assessed by measuring the
enhancement in 5-HT neurotransmission produced by activating the o2-adrenergic
autoreceptors with a small dose of clonidine (10 pg/kg, i.v.). The sensitivity of
postsynaptic 5-HT1A receptors and o2-adrenoceptors was also tested by assessing the
suppressant effect on CA3 pyramidal neurons of microiontophoretically-applied 5-HT
and NA. Members of three major classes of antidepressant drugs were studied, that is,
selective inhibitors of 5-HT or NA reuptake and a type A MAOI.

This article entitled "Electrophysiological evidence for desensitization of a2-
adrenoceptors on Serotonin terminals following long-term treatment with drugs
increasing norepinephrine synaptic concentration” by myself, Claude de Montigny and
Pierre Blier was published in Neuropsychopharmacology (1994, vol. 10, pp. 41-51).
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Electrophysiologic Evidence for
Desensitization of a,-Adrenoceptors on
Serotonin Terminals Following Long-{erm
Treatment with Drugs Increasing

Norepinephrine Synaptic Concentration
Raymond Mongeau, M.Sc., Claude de Montigny, M.D., Ph.D., and Pierre Blier, M.D., Ph.D.

Previous results from our laboratory have indicated that
small intravenous doses of the az-adrenergic agonist
clonidine increase serotonin (5-HT) neurotransmission by
attenuating the release of endogenous norepinephrine
(NE), as a result of the activation of az-adrenergic
autoreceptor on NE neurons, and that high doses of
clonidine decrease 5-HT neurotransmission by directly
activating az-adrenergic heteroreceptors on 5-HT
terminals. The aim of the present study was fo assess
whether antidepressant treatments that increase the
synaptic concentration of NE or 5-HT alter the ability of
clonidine to modulate 5-HT neurotransmission through
these two az-adrenoceptors. Rals were treated for 3 weeks
with 0.75 mg/kg per day of befloxatone (a reversible
inhibitor of monoamine oxidase A), 10 mg/kg per day of
nisoxetine (a selective NE reuptake inhibitor), 10 mg/kg
per day of paroxetine (a selective 5-HT reuptake inhibitor)

or saline using subcutaneous osmotic minipumps
(removed 48 hours before the experiment). No significant
change in the effect of the small dose of clonidine (10
uglkg, 1V) was found following the befloxatone, the
nisoxetine, or the paroxetine treatments. The reduction of
5-HT neurotransmission by the high dose of clonidine
(400 ugfkg, 1V) was no longer present in rats treated
with nisoxetine or befloxatone, but was unaltered in those
treated with paroxetine. Furthermore, in rats pretreated
with the NE neurotoxin 6-hydroxydopamine, a long-term
treatment with befloxatone failed to alter the reducing
effect of the high dose of clonidine but abolished the
reducing effect of the low dose of clonidine. These resulls
suggest that antidepressant drugs that increase NE
synaptic concentration induce a desensitization of
az-heteroreceptor on 5-HT terminals.
[Neuropsychopharmacology 10:41-51, 1994}

KEY WORDS: a2-Adrenergic autoreceptors; az-Adrenergic
heteroreceptors; Antidepressant drugs; Norepinephrine
reuptake inhibitors; Serotonin reuptake inhibitors;
Monoamine oxidase inhibitors
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Several studies have documented the possibility that
presynaptic az-adrenergic autoreceptors become desen-
sitized following long-term antidepressant treatments
that increase the synaptic concentration of norepineph-
rine (NE) (Crews and Smith 1978; Svensson and Usdin
1978; McMillen et al, 1980; Spyraky and Fibiger 1980;
Cohen et al. 1982; Finberg and Tal 1985; Lacr ix et al.
1991). Furthermore, the density of high-affinity state
az-adrenoceptors has been shown to be increased on
platelets of depressed patients, a condition normalized
by long-term treatment with antidepressant drugs
(Garcia-Sevilla et al. 1986, 1987; Doyle et al. 1985;

0893-133%194/$7.00
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Takeda et al. 1989; Piletz et al. 1991). However, not all
antidepressant treatments share the property of de-
creasing these az-adrenoceptors (Willner 1985). In con-
trast, several classes of antidepressant treatments have
been shown to alter serotonin (5-HT) neurotransmis-
sion (for review, see Blier et al., 1990),

The capacity of az-adrenergic ligands to modulate
the evoked release of [*H]5-HT in vitro has long been
known to be exerted by az-adrenoceptors located on
5-HT terminals (Starke and Montel 1973; Géthert and
Huth 1980; Frankhuyzen and Mulder 1980,1982; Goth-
ertet al. 1981; Maura et al. 1982). Using an in vivo elec-
trophysiologic paradigm, it was recently shown that
these ax-adrenergic heteroreceptors in the rat hip-
pocampus are tonically activated by endogenous NE
(Mongeau et al. 1993), as is the case in the human brain
{Galzin et al. 1492; Feuerstein et al. 1993). Small doses
(2 ugikg and 10 pg/kg [V) of the az-adrenergic agonist
clonidine enhance 5-HT neurotransmission, an effect
that is abolished by a 6-hydroxydopamine (6-OHDA)
pretreatment and blocked by the az-adrenergic an-
tagonist yohimbine (0.1 mg/kg IV). These results indi-
cate that a low dose of clonidine preferentially activates
ax-adrenergic autoreceptors on NE neurons, reducing
the tonic inhibitory action of endogenous NE on aa-
adrenergic heteroreceptors on 5-HT terminals and, con-
sequently, increasing 5-HT release. However, at higher
doses (100 ug/kg and 400 pg/kg IV), clonidine decreases
5-HT neurotransmission through a direct activation of
az-adrenergic heteroreceptors, as this effect is not
affected by NE denervation and is blocked by yohim-
bine {1 mg/kg 1V; Mongeau =t al. 1993).

Inthe present study, this in vivo modulation of 53-HT
neurotransmission by clonidine via az-adrenergic auto-
and heteroreceptors was used to investigate the effect
of long-term treatments that increase the synaptic con-
centration of NE or 5-HT. The changes in the synaptic
concentration of the neurotransmitters were induced
by either selective reuptake blockade or monoamine ox-
idase A (MAOQO-A) inhibition. This electrophysiologic
paradigm was considered mast appropriate to inves-
tigate the modulation of 5-HT neurotransmission by the
NE system because, as described before, it ailows the
in vivo assessment of the responsiveness of the aa-
adrenergic heteroreceptors on 3-HT terminals and of
the level of tonic inhibitory action of NE acting on them.

METHODS

Animals and Treatments

Male Sprague-Dawley rats, maintained on a 12-hour/12-
hour light-dark cycle with free access to food and wa-
ter, were treated over a course of 3 weeks with 0.75
mg/kg per day of the reversible MAO-A inhibitor beflox-
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atone (Curetet al. 1992a), 10 mg/kg per day of the selec-
tive 5-HT reuptake inhibitor paroxetine (Thomas et al.
1987), 10 mg/kg per day of the selective NE reuptake
inhibitor nisoxetine (Fuller et al. 1979}, or saline deliv-
ered by osmotic minipumps (ALZA, Palo Alto, CA}in-
serted subcutaneously. The minipumps were removed
48 hours before the experiments began to allow elimi-
nation of the drugs. Lesions of NE neurons were per-
formed under chloral hydrate anesthesia (400 mg/kg
IP) by injecting 6-OHDA intracerebroventricularly (120
ng free base in 20 ul of 0.9% NaCl and 0.1% ascorbic
acid) 1 hour after an injection of fluoxetine (10 mg/kg,
IP) administered to protect the 5-HT system from the
neurotoxic action of 6-OHDA. One week after this pro-
cedure, the rats were treated with 0.75 mg/kg per day
of befloxatone for 3 weeks. At the time of the experi-
ments, the rats (weighing between 325 and 375 g) were
anesthetized with an injection of 400 mg/kg (IP) of chlo-
ral hydrate.

Recording from Dorsal Hippocampus CA;
Pyramidal Neurons

Extracellular unitary recording and microiontophore-
sis onto pyramidal neurons in the CAj region of the
dorsal hippocampus were conducted with five-barrelled
micropipettes, pulled conventionally with the tip bro-
ken to a diameter of 9 um to 11 pm. The central barrel,
used for recording, was filled with a 2 mol/L NaCl so-
lution. The side barrels contained the following solu-
tions: 5-HT creatinine sulfate (0.5 mmol/L in 200 mmol/L
NaCl, pH 4), NE bitartrate (20 mmol/L in 200 mmol/L
NaCl, pH 4), acetylcholine chloride (20 mmol/L in 200
mmol/L NaCl, pH 4), and a 2-mol/L NaCl solution used
for automatic current balancing. The 5-HT and NE so-
lutions were retained with a =7 nA current between
ejections. Pyramidal neurons were identified by their
large amplitude (0.5 mV to 1.2 mV) and long-duration
(0.8 msec to 1.2 msec) simple spikes alternating with
complex spike discharges (Kandel and Spencer 1961).
These characteristics readily allow the differentiation
of pyramidal neurons from interneurons. A small cur-
rent or leak of acetylcholine (- 1 nA to 5 nA) was used
to activate silent or slowly discharging pyramidal neu-
rons to a physiologic firing rate (8 Hz to 12 Hz), because
most of these cells do not discharge spontaneously in
chloral hydrate-anesthetized rats. The responsiveness
to microiontophoretic application of 5-HT and NE was
evaluated from the number of spikes suppressed/nA
calculated by an on-line computer with a 100-milli-
second discrimination.

To evaluate the effectiveness of the 6-OHDA lesion,
the recovery of the firing activity of the pyramidal neu-
rons following the microiontophoretic application of NE
was assessed by determining the recovery time 50
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(RTs0). This parameter is defined by the time (in sec-
onds) required for the firing rate to recover by 50% from
the termination of the microiontophoretic application
{(de Montigny et al. 1980).

Stimulation of the 5-HT Pathway

To activate the 5-HT projections to the dorsal hip-
pocampus, a bipolar electrode (NE-100; David Kopf,
Tujunga, CA) was implanted on the nudline with a 10°
backward angle in the ventromedial tegmentum, 1 mm
anterior to lambda, and 8.3 mm below the cortical sur-
face. Two hundreds square pulses of 0.5 milliseconds
were delivered by a stimulator (Model S8800; Grass,
Quincy, MA) at a frequency of 1 Hz and at an intensity
of 300 uA. The stimulation pulses and the firing activ-
ity of the neuron recorded were fed to a computer
equipped with a Tecmar interface. Peristimulus time
histograms were generated to determine the duration
of suppression of firing, measured to absolute silence
value (SIL, in milliseconds; Chaput et al. 1986). This
parameter is obtained by dividing the total number of
events suppressed with the stimulation by the mean
frequency of firing of the neuron recorded. It thus
represents an estimate of the duration of the suppres-
sion of firing corrected for the mean prestimulation
firing frequency. Several lines of evidence indicate that
the effect of the electrical stimulation of the ascending
5-HT pathway is due to the release of 5-HT into the syn-
aptic cleft. First, it is virtually abolished by a pretreat-
ment with the 5-HT neurotoxin 5,7-dihydroxytrypta-
mine (Blier and de Montigny 1983, 1985). Second, it is
blocked by the acute intravenous injection of the
5-HT1a receptor antagonist BMY 7378 (Yocca et al.
1987; Chaput and de Montigny 1988). Third, it is en-
hanced by terminal 5-HT autoreceptor blockade
(Chaput et al. 1986). Fourth, it is reduced by terminal
5-HT autoreceptor activation (Chaput and de Montigny
1988).

In most neurons, following the suppression of firing
induced by the electrical stimulation there is a transient
increase of the probability of firing, the exact nature of
which is presently unknown. However, this transient
increase was shown to be unaffected by 5-HT reuptake
inhibitors or MAQ inhibitors (Blier et al. 1988). The rel-
ative activation was calculated by dividing the total
number of supplementary events by the mean prestim-
ulation firing frequency.

The effect of stimulating the ascending 5-HT fibers
was determined while recording from the same neu-
ron before and after the successive intravenous injec-
tions of 10 pg/kg and 400 ug/kg of clonidine. The time
elapsed between the control stimulation periods and
those following the administration of clonidine was ap-
proximately 15 minutes.
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Drugs

The following drugs were used: befloxatone (Dela-
lande, Rueil-Malmaison, France); paroxetine {Smith-
Kiine Beecham, Harlow, England); nisoxetine and
fluoxetine (Eli Lilly, Indianapolis, IN); clonidine HCI,
3-HT creatinine sulfate, NE bitartrate, 6-OHDA HCl,
and acetylcholine chloride (Sigma Chemical, St. Louis,
MO); and chloral hydrate (American Chemicals, Mon-
tréal, Québec, Canada).

Statistical Analyses

All results are expressed as means plus/minus standard
ervor of the mean. The statistical significance of the
difference between the effects of the stimulation of the
5-HT pathway before and after the administration of
a drug in the same rat was assessed using the paired
Student’s i-test. Possible differences in the magnitude
of the effects of clonidine between saline- and drug-
treated rats were tested for statistical significance by
covariance analysis. Differences in the efficacy of the
stimulation of the 5-HT pathway and neuronal respon-
siveness to microiontophoretic application of NE and
5-HT between saline- and dr - treated rats were as-
sessed for statistical significance using the unpaired Stu-
dent's ¢-test.

RESULTS

Effect of Long-Term MAO Inhibition on the
Modulation of 5-HT Neurotransmission
by Clonidine

The suppressant effect of the electrical stimulation of
the ascending 5-HT pathway on the firing rate of CA3
pyramidal neurons of the dorsal hippocampus was as-
sessed following long-term drug treatments. The peri-
stimulus time histograms in Figure 1A show that 10 pg/
kg IV of clonidine enhanced, while 400 ng/kg i’ re-
duced, the duration of suppression of firing in the same
neuron of a saline-treated rat. Following the adminis-
tration of 10 pg/kg and 400 ug’kg IV of clonidine, the
mean duration of suppression of firing of the saline-
treated group (Fig. 1B) was increased by 37% + 8% and
decreased by 25% + 7%, respectively. These incremen-
tal and decremental effects of clonidine were statisti-
cally significant at p < .01 and p < .001, respectively,
using the paired Student’s {-test. In contrast, the facilita-
tory effect on the firing rate of pyramidal neurons in-
duced by the electrical stimulation was not significantly
changed by either dose of clonidine (Table 1).

To induce a sustained increase in the synaptic con-
centration of 5-HT and NE, MAQO-A was blocked over
a 3-week period with 0.75 mg/kg per day of befloxa-
tone. The minipumps were removed 48 hours before
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Figure 1, Effect of systemic injections of clonidine on the efficacy of the electrical stimulation of the ascending 5-HT path-
way in suppressing the firing activity of CA3 pyramidal neurons of hippocampus in the saline-treated group. A: Represen-
tative peristimulus time histogrims illustrating the effects of clonidine (10 pg/kg and 400 ug'kg IV) in a single experiment.
Each peristimulus time histogram was constructed from 200 pulses of 0.5 msec delivered at 1 Hz at time 0 with an intensity
of 300 pA. Bin width is 2 msec. B: Histograms showing the effects of the high and the low dose of clonidine in saline-treated
rats. The number of neurons tested is given at the bottom of the open column. * p <.01, ** p < .001, using a two-tailed
paired Student’s ¢-test, comparing prior to and following clonidine administration.

Table 1. Effect of Long-Term Drug Treatments with Befloxatone, Nisoxetine,
or Paroxetine on the Late Excitatory Effect of the Firing Activity of Dorsal
Hippocampus Pyramidal Neurons Induced by the Electrical Stimulation
Before and After the Intravenous Administration of Clonidine!

After Clonidine

Before No. of
Treatment® Clonidine® 10 pgikg 400 pglkg Neurons
Saline 02+ 25 97 + 23 140 + 25 11
Befloxatone 89 + 22 117 + 15 167 ¢ 61 9
6-OHDA® + befloxatone 135 + 37 171 + 34 162 + 42 6
Nisoxetine 130 + 54 131 + 35 155 + 42 9
Paroxetine 172 + 69 134 + 37 123 + 36 8

* One neuron per rat was riudied before and after the administration of clonidine.

b Befloxatone: 0.75 mgikg per day; nisoxetine and paroxetine: 10 mg/kg per day.

¢ Data are expressed as the relative activation in milliseconds £ the standard error of the mean.

4 One-hundred twenty micrograms free base of 6-OHDA was injected intracerebroventricularly 1
week before the initiation of the befloxatone treatment.
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Figure 2. Effect of systemic injections of clonidine on the efficacy of the electrical stimulation of the ascending 5-HT path-
way after a long-term treatment with 0.75 mg/kg per day of befloxatone. The minipumps containing the drug were removed
48 hours before the experiment began. A: Representative peristimulus time histograms illustrating the effects of clonidine
(10 ug/kg and 400 ug/kg IV) in a single experiment. B: Histograms showing the effects of the high and the low dose of cloni-
dine in befioxatone-treated rats. The number of neurons tested is given at the bottom of the open column. p < .01, using
a two-tailed paired Student's f-test, comparing prior to and following clonidine administration.

the experiments began to regain full enzymatic activity
(Curet et al. 1992a). The results in Figure 2A are repre-
sentative peristimulus time histograms of the effect of
clonidine in befloxatone-treated rats. The small dose of
clonidine (10 ug/kg IV) produced a 72% + 21% increase
of the duration of the suppression of fring in the
befloxatone-treated group (Fig. 2B). Although the am-
plitude of the effect of the small dose of clonidine ap-
peared greater than that of the saline group (37% + 8%;
Fig. 1B), the difference between the two groups did not
reach statistical significance using covariance analysis.
The subsequent administration of the high dose of cloni-
dine (400 ug/kg IV) decreased the duration of suppres-
sion of firing (Fig. 2B); however, unlike the controls (Fig.
1B), it was not reduced below the initial value. This de-
creased responsiveness of the az-adrenoceptors medi-
ating the effect of the high dose of clonidine was not

accompanied by any change in the responsiveness of
pyramidal neurons of the CA3 region of hippocampus
to microiontophoretic applications of 5-HT and NE. The
suppressant effects of the microiontophoretic applica-
tions of 5-HT and NE on the firing rate of the pyrami-
dal cells after the befloxatone treatment (5-HT: 322 +
37 spikes/nA, n = 13; NE: 407 + 43 spikes/nA; n = 13)
were not different fromthose of the saline-treated group
(5-HT: 376 t 62 spikes/nA, n = 11; NE: 400 + 71
spikes/nA, n = 11).

The assumption that the increased synaptic con-
centration of NE, but not that of 5-HT, is responsible
for the decrease in the responsiveness of the az-adreno-
ceptors mediating the effect of the high dose of cloni-
dine was assessed by investigating the effect of the same
befloxatone treatment in NE-denervated rats, Intracere-
broventricular injections of the neurotoxin 6-OHDA (1
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Figure 3. Effect of long-term treatment with 0.75 mg/kg per day of befloxatone in NE-denervated rats. The intracerebroven-
tricular injection of 120 ug of 6-OHDA was given 1 week before the minipump containing the drug was installed. The minipumps
were removed 48 hours before the experiment began. A: Neuronal recovery from the microiontophoretic application of
NE in saline {SAL) and 6-OHDA + befloxatone-pretreated rats. The RTsp value is the time required for the neuron to re-
cover its firing activity by 50% from the end of the application. The number of neurons tested is given at the bottom of
each column. Data are expressed as mean ¢ SEM. * p <.001, two-tailed Student’s {-test comparing contrel and 6-OHDA-
pretreated rats. B: Histograms showing the effects of systemic injections of clonidine on the efficacy of the electrical stimula-
tion of the ascending 5-HT pathway after a long-term treatment with befloxatone in six 6-OHDA-pretreated rats. * p < .01,
using a two-tailed paired Student’s t-test, comparing prior to and following clonidine administration.

hour after a pretreatment with the 5-HT reuptake in-
hibitor fluoxetine) were performed 1 week before initi-
ating the befloxatone treatment. The effectiveness of
the lesions was verified by assessing the RTso of the
firing rate of CAj; pyramidal neurons following the
microiontophoretic application of NE. In keeping with
the notion that intact NE fibers are required for the NE
reuptake process to allow a prompt recovery of the firing
activity of these neurons (de Montigny et al. 1980), the
marked increased (327%) in the RTsp of 6-OHDA-
treated rats (Fig. 3A) confirmed an adequate lesioning
of the NE terminals (except in two rats that were ex-
cluded from statistical analyses). In these conditions,
the enhancing effect of the small dose of clonidine (10
ng'kg 1V) was completely abolished, as previously ob-
served (Mongeau et al. 1993). On the other hand, the
decreasing effect of the high dose of clonidine (400 ug/kg

IV) was still present and was even of a greater ampli-
tude than that in the saline group (saline: 23% + 5%,
n =11; 6OHDA: 39% + 9%, n = 6; p = .06, using covar-
iance analysis).

The efficacy of the stimulation of the 5-HT pathway
ir the saline group was compared to those in the drug-
treated groups using the unpaired Student’s f test, The
duration of suppression of firing in the 6-OHDA plus
befloxatone group was increased by 71% (SIL values:
saline 38 msec + 3 msec, n = 11; 6-OHDA + befloxa-
tone 65 msec + 7 msec, n = 6; p < .01; Figs. 1 and 3).
However, the befloxatone treatment did not by itself
change the efficacy of the stimulation in suppressing
the firing activity of the pyramidal neuron. (Figs. 1 and
2). It is noteworthy that in the two rats pretreated with
6-OHDA plus befloxatone for which the NE denerva-
tion failed (as indicated by the unchanged RTsg), the
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increase in 5-HT transmission was not observed, and
the effects of clonidine were similar to those observed
for the befloxatone group (data not shown). Finally,
none of the above treatments significantly changed the
late excitatory effect on the firing rate induced by the
electrical stimulation {Table 1).

Effect of Long-Term Monoamine Uptake Inhibition
on the Modulation of 5-HT Neurotransmission by
Clonidine

For two reasons, it was deemed crucial to test whether
monoamine reuptake inhibitors could also affect the
az-adrenoceptors that modulate 5-HT transmission.
First, selective 5-HT reuptake inhibitors have long been
known to have antidepresszant efficacy, and, second,
5-HT and NE reuptake inhibitors have been shown to
increase the synaptic concentration of 5-HT and NE,
respectively (L'Heureux et al. 1986; Bel and Artigas
1992; Curet et al. 1992b). The effect of a sustained in-
crease in the synaptic concentration of either NE or 5-HT
was investigated using specific reuptake inhibitors. Fol-
lowing long-term treatment with the selective 5-HT re-
uptake inhibitor paroxetine (10 mg/kg per day for 21
days), the effects of the low and the high dose of cloni-
dine on 5-HT transmission were unchanged. Afterthe
paroxetine treatment, the small dose of clonidine (10
ngikg IV) increased the efficacy of the stimulation of
the 5-HT pathway by 29% + 9% whereas the high dose
(400 uglkg 1V) decreased it by 25% + 7% (Fig. 4A).
In contrast, the 21-day treatment with the selective
NE reuptake inhibitor nisoxetine (10 mg/kg per day)
produced effects similar to those obtained in the
befloxatone-treated rats. The small dose of clonidine
produced a 30% + 8% increase (Fig. 4B), which was
similar to that of the saline group (Fig. 1B). The subse-
quent administration of the high dose of clonidine de-
creased the duration of suppression of firing; however,
it was not reduced below the initial value (Fig. 4B). Fur-
thermore, as observed in the befloxatone group (Fig.
2B), there was no change in the responsiveness of py-
ramidal neurons of the CA3 region of hippocampus to
microiontophoretic applications of 5-HT and NE in the
nisoxetine-treated rats, The suppressant effects of the
microiontophoretic applications of 5-HT and NE on the
firing rate of the pyramidal neurons after the nisoxe-
tine treatment (5-HT: 332 + 66 spikes/nA, n = 11; NE:
378 + 71 spikes/nA, n = 11) were not different from
those of the saline-treated group (5-HT: 376 + 62
spikes/nA, n = 11; NE: 400 t 71 spikes/nA, n = 11).
The paroxetine and nisoxetine treatments did not
significantly modify the efficacy of the stimulation of
the 5-HT pathway in suppressing the firing activity of
pyramidal neurons of the dorsal hippocampus (Fig. 4).
In addition, the late excitatory effect of the stimulation

Desensitization of uz-Adrenergic Heteroreceptors 47

A
PAROXETINE
70 .
*
60 -
= 50
u
o~ 1
+ 40 1
E
;'30 .l
N
20 1
10 4
7
0 -
CTL CLO CLO
B 10 pg/kg 400 pg/kg
NISOXETINE
70
W "
60 -
= 50 -
w
%3 ]
+ 40 +
[42]
E
;30 -
75
20
10
9 3
0 -
CTL

CLO CLO

10 ug/kg 400 pgrkg
Figure 4. Histograms showing the effect of systemic injec-
tions of clonidine on the efficacy of the electrical stimulation
of the ascending 5-HT pathway after a long-term treatment
with 10 mg/kg per day of paroxetine (A} and 10 mg/kg per
day of nisoxetine {B). The number of rats tested is given in-
side the columns. * p< .05, ** p< .01 using a two-tailed paired
Student's t-test, comparing prior to and following clonidine
administration.
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observed on these same neurons was not changed by
these treatments (Table 1).

DISCUSSION

The present electrophysiologic data show that long-
term treatment with pharmacologic agents that increase
the synaptic concentration of NE, but not that of 5-HT,
decrease the inhibitory action of a high dose of cloni-
dine (400 pg/kg IV) on 5-HT neurotransmission and that
the enhancing effect of alow dose of clonidine (10 ug/kg
[V} is not affected by such treatments (Figs. 2, and 4B).
These changes observed in the befloxatone and the
nisoxetine groups are most likely related to the sus-
tained increase in NE concentration in the synapse, be-
cause similar changes were not produced either by long-
term 5-HT reuptake blockade or by long-term MAO-A
inhibition in NE-denervated rats (Figs. 3B and 4B). None
of the long-term treatments produced any significant
changes in the enhancing effect of the low dose of cloni-
dine (Figs. 2 and 4). However, the lesion of the NE neu-
rons abolished, as expected, this enhancing effect of
clonidine (Fig. 3B).

In a previous study, the incremental and decremen-
tal effects of clonidine have been fully characterized
using the present electrophysiologic paradigm (Mon-
geau et al. 1993). On the one hand, it was concluded
that the reducing effect of the high dose of clonidine
is most likely mediated by the activacdion of az2-adrener-
gic heteroreceptors on 5-HT terminals, which results
in a decrease in the amount of 53-HT released per action
potential. On the other hand, low doses of clonidine
enhance the suppression of firing by preferentially ac-
tivating az-adrenergic autoreceptors, thereby reducing
the concentration of endogenous NE tonically activat-
ing az-adrenergic heteroreceptors on 5-HT terminals
(Mongeau et al. 1993). Thus, the present results sug-
gest that although the sensitivity of az-adrenergic het-
eroreceptors is reduced by long-term treatment with
nisoxetine and befloxatone, an inhibitory action of en-
dogenous NE on 5-HT neurotransmission still appears
to be present.

The magnitude of the effect of the small dose of
clonidine on 5-HT neurotransmission does not provide
a direct estimate of the responsiveness of the a:-
adrenergic autoreceptors, because its magnitude is also
determined by the level of activation of a;-adrenergic
heteroreceptors by endogenous NE. Thus, the un-
altered effect of the low dose of clonidine after these
treatments is not an indication that the az-adrenergic
autoreceptors on the cell body and terminals of NE neu-
rons are normosensitive, Previous investigations per-
formed in our laboratory have shown that terminal az-
adrenergic autoreceptors are desensitized following a
long-term treatment with the NE reuptake inhibitor
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desipramine (Lacroix et al. 1991). However, despite an
attenuated responsiveness of the somatodendritic NE
autoreceptors of locus coeruleus neurons to clonidine
following this treatment, a 10-ug/kg [V dose of cloni-
dine still substantially decreased (85% instead of 103%)
the firing rate of these neurons. It can thus be concluded
that the desensitization of the az-adrenergic autorecep-
tors would not hinder the enhancement of 5-HT neu-
rotransmission that results from a decrease in the syn-
aptic concentration of NE when these autoreceptors are
activated by the 10-ug/kg IV dose of clonidine. In fact,
a desensitization of az-adrenergic autoreceptors could
even increase the inhibitory tone of NE on 5-HT neu-
rotransmission, because the synaptic concentration of
NE is normally expected to be increased when the nega-
tive feedback autoregulation is decreased.

It is also interesting that the high dose of clonidine
in both nisoxetine- and befloxatone-treated rats brought
back the effectiveness of the stimulation to initial value
(Figs. 2B and 4B), suggesting that these receptors still
possess residual capacity to modulate 5-HT release af-
ter the befloxatone or the nisoxetine treatment. The
tonic inhibitory action of endogenous NE on the ;-
adrenergic heteroreceptors at baseline was probably
maximal because the high dose of clonidine merely re-
established the initial duration of suppression of firing
(Figs. 2B and 4B).

These observations lead us to the following in-
terpretation: normally 5-HT neurotransmission is de-
creased in the presence of an increased NE output. Af-
ter long-term exposure to a high concentration of
synaptic NE, there is a desensitization of az-adrenergic
heteroreceptors. Although the paradigm used in the
present study does not provide clues about the cellular
mechanisms involved, it might result from a decrease
in the density of the receptors, a change in the coup-
ling of the receptors with their G proteins, or an altera-
tion in second messenger function. This desensitiza-
tion would hinder the tonic inhibitory action of the NE
system on 5-HT neurotransmission, more so in the con-
dition of a high NE output.

No change in the efficacy of 5-HT neurotransmission
was observed with long-term treatment with befloxatone,
paroxetine, or nisoxetine. However, in the 6-OHDA-
pretreated rats, the long-term befloxatone treatment
significantly increased the duration of suppression of
firing. This increase most likely resulted from the deple-
tion of the endogenous NE that would normally exert
a tonic inhibitory action on 5-HT neurotransmission
through a;-adrenergic heteroreceptors. Finally, the in-
crease in the magnitude of the effect of the high dose
of clonidine in these rats was expected and is consis-
tent with our previous study (Mongeau et al, 1993).
It was most likely related to a supersensitivity of the
az-adrenergic heteroreceptors resulting from the NE
depletion.
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To our knowledge, no study has directly assessed
the modulation of 5-HT neurotransmission by az-adre-
nergic ligands following antidepressant treatments in
an in vivo paradigm. Nevertheless, this has been pre-
viously investigated in in vitro studies. Some have failed
lo detect a reduction in the efficacy of az-adrenergic
heteroreceptors function following MAQ inhibition of
NE reuptake blockade. GroB et al. (1987) reported no
change in the potency of clonidine to inhibit the elec-
trically evoked overflow of {*H|5-HT in preloaded rat
brain cerebral cortex slices when superfusing through-
out the experiment 1 uM of the NE reuptake inhibitor
viloxazin:2. This result suggested that short-term ex-
posure to an elevated synaptic concentration of NE does
not desensitize az-adrenergic heteroreceptors on 5-HT
terminals. However, long-term NE reuptake blockade
with desipramine or long-term MAQ inhibition with
MDL 72394 or pargyline has not been reported to
change the ability of az-adrenergic heteroreceptors to
reduce the electrically induced release of [*H]5-HT in
rat cortical and hippocampal slices (Schlicker et al. 1982;
Schoffelmeer and Mulder 1982; Palfreyman et al. 1986).
Finally, another study using rat brain synaptosomes re-
vealed that the attenuation of K*-stimulated release of
[3H]5-HT by clonidine was diminished following a
long-term treatment with the irreversible MAQ inhibi-
tor clorgyline but not by desipramine (Ellison and
Campbell 1986). This effect of clorgyline was, however,
attributable to a competition between clonidine and the
increased NE in the biophase. Such a competition, how-
ever, cannot account for the decreased sensitivity of
az-adrenergic heteroreceptors to the high dose of cloni-
dine observed in the pres.nt study after the befloxa-
tone treatment, because this drug is a reversible MAO
inhibitor and the minipumps were removed 48 hours
before the experiments. The method of administration
of the drugs might explain the absence of desensitiza-
tion of az-adrenergic heteroreceptors in the abovemen-
tioned studies, In the present study, the drugs were
continuously delivered through osmotic minipumps in-
serted subcutaneously, whereas desipramine was ad-
ministered orally in the studies by Schlicker et al. (1982)
and Ellison and Campbell (1986) and intraperitoneally
in the study of Schoffelmeer and Mulder (1982). The
oral or intraperitoneal administration of desipramine
in rats might not produce sustained reuptake blockade,
considering the important first-pass hepatic metabolism
and also the much faster catabolism of such drugs in
rats than in humans.

In vitro studies performed in our laboratory using
osmotic minipumps provided results consistent with
the desensitization of az-adrenergic heteroreceptors.
‘nng—term treatment with minalcipran, a NE reuptake

nhibitor, reduced the NE inhibition of the electrically
induced release of [*H]5-HT in the rat hippocampus,
whereas long-term treatment with befloxatone shifted
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the concentration-effect curve to the right of the a;-
adrenergic agonist UK 14.304 on electrically induced
release of [*H]5-HT in guinea pig hypothalamus slices
{Blier and Bouchard 1992; Blier et al. 1993). Hence, these
results suggest that az-adrenergic heteroreceptors are
endowed with the capacity to become desensitized af-
ter a sustained increase in NE synaptic concentration.

Although the antidepressant property of befloxa-
tone has not yet been documented in humans, all po-
tent MAO-A inhibitors, specific or not, that bind irre-
versibly or not to the enzyme (clorgyline, phenelzine,
tranylcypromine, moclobemide, brofaromine, and tel-
oxatone) increase 5-HT and NE synaptic concentra.‘on
and are effective in major depression. Furthermore,
minalcipran which, like nisoxetine, selectively blocks
the reuptake of NE (Blier et al. 1993), has been reported
to be an effective antidepressant in humans (Macher
et al. 1989; von Frenckell et al. 1990). It is thus possible
that the desensitization of a2-adrenergic heterorecep-
tors on 5-HT terminals contributes to the therapeutic
action of these drugs.
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Third article

At this point, we were interested to known whether other types of antidepressant
treatments would produce the desensitization of ¢2-adrenergic heteroreceptors on 5-HT
fibers. The effect of repeated elecwoconvuisive shocks, a very effective treatment for
depression, was studied with the electrophysiological paradigm using clonidine as in the
preceding studies. There were suggestions in the literature indicating that some
antidepressant drugs achieve therapeutical efficacy through the blockade of o2-
adrenoceptors. We have thus deemed crucial to test drugs endowed with this property.
Again, the responsiveness of postsynaptic o:2-adrenoceptors and 5-HTA receptors was
assessed in parallel with microiontophoresis techniques. We have also decided to test the
effect of the above antidepressant treatments on the sensitivity of terminal S-HT1B
autoreceptors. In brief, this sensitivity is estimated by increasing the frequency of the
electrical stimulation of the 5-HT pathway, from 1 Hz to 5 Hz, In this condition, there is
a reduction in the duration of the suppression of firing that is explained by an increased
activation of terminal autoreceptors consequent to the enhanced 5-HT output.

This article entitled "Effects of long-term alphaz-adrenergic antagonists and
electroconvulsive treatments on the alphaz-adrenoceptors modulating serotonin
neurotransmission” by myself, Claude de Montigny and Pierre Blier was published in the
Journal of Pharmacology and Experimental Therapeutics (1994, vol. 269, pp. 1152-
1159).
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ABSTRACT

Previous results from our laboratory indicate that small doses of
the alpha-2 adrenergic agonist clonidine increase serotonin
(5-HT) neurotransmission by attenuating the release of endoge-
nous norepinephrine (NE), as a result of the activation of aljpha-
2 adrenergic autoreceptors on NE neurons, and that high doses
decrease 5-HT neurotransmission by activating directly ajpha-2
adrenergic heteroreceptors on 5-HT terminals. In addition, we
have shown that long-term treatments with a monoamine oxi-
dasa inhibitor or a selective NE, but not a 5-HT, reuptake inhibitor
abolish the effect of a high dosa of clonidine, but not that of a
small dose of clonidine. The aim of the present study was to
determine whether the alpha-2 adrenergic antagonists idazoxan
{10 mg/kg/day x 21 days s.c.) and mianserin (5 mg/kg/day %
21 days s.c.}, or electroconvulsive shocks (6 or 7 over a 2-week
period) would also affect the alpha-2 adrenoceptors modulating
5-HT neurotransmission in the rat hippocampus. The respon-
siveness of these hetereceptors was tested in paraliel with those
of the terminal 5-HT.s autoreceptors and of the postsynaptic
5-HT.a and alpha-2 adrenergic receptors. None of the above
treatments altered the responsiveness of the 5-HT.s autorecep-

tors, as assesced by comparing the differential eflectivenass of
1 and 5 Hz electrical stimulations of the 5-HT pathway. Idazoxan
and mianserin did not affect the responsiveness of the postsyn-
aptic 5-HT,a and aipha-2 adrenergic receptors as indicated by
the unchanged suppressant effects of microicntophoretically
applied 5-HT and NE. However, these a/pha-2 adrenergic antag-
onists markedly decreased the reducing effect of 400 ug/kg i.v.
of clonidine on the efficacy of the stimulation of the 5-HT path-
way, indicating a desensitization of the alpha-2 adrenergic het-
eroreceptors on 5-HT terminals. Furthermore, the tonkc inhibitory
action of endogenous NE on these heteroreceptors was appar-
ently weaker, because the enhancing effect of 10 ug/kg i.v. of
clonidine aiso was reduced after long-term treatment with these
two antagonists, In contrast, these above effects were not
induced by repeated electroconvulsive shocks, Consistent with
pravious findings, the latter treatment increased the efficacy of
the stimulation of the 5-HT pathway as well as the suppressant
effect of microiontophoretically appiled S5-HT, without altering
that of NE.

5-HT terminals have long been known to be endowed with
alpha-2 adrenergic heteroreceptors that modulate the evoked-
release of [*H]-6-HT (Starke and Montel, 1973; Frankhuijzen
and Mulder, 1980, 1982; Gothert and Huth, 1980; Gothert et
al., 1981; Maura et al, 1982). By using an in vive electrophysi-
ological paradigm, we have shown recently that these alpha-2
adrenergic heteroreceptors in the rat hippocampus are activated
tonically by endogenous NE (see fig. 1 and Mongeau et al,
1993a). Small doses (2 and 10 ug/kg i.v.) of the alpha-2 adre-
nergic agonist clonidine enhances 5-HT neurotransmission, an
effect which is abolished by an NE denervation and blocked by
the alpha-2 adrenergic antagonist yohimbine. These results
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indicate that low doses of clonidine activate preferentially
alpha-2 adrenergic autoreceptors on NE neurons, reducing the
tonic inhibitory action of endogenous NE on alpha-2 adrenergic
hetercreceptors on 5-HT terminals and consequently increas-
ing 5-HT release. However, at higher doses (100 and 400 xg/kg
i.v.), clonidine decreases 5-HT neurotransmission turough a
direct activation of alpha-2 adrenergic heteroreceptors, because
this effect is not affected by an NE denervation and is blocked
by yohimbine (Mongeau et al., 1993),

In addition, we have shown that long-term treatments with
a MAO inhibitor or a selective NE, but not a 5-HT, reuptake
inhibitor abolish the effect of 4 high dose of clonidine, but not
that of a amall dose of clonidine (Mongeau et al.,, 1994), It was
thus concluded that long-term MAO or NE reuptake inhibition
desensitize the alpha-2 adrenergic heteroreceptors. A sustained
increase in NE synaptic availability most likely accounts for
the desensitization of the alpha-2 adrenergic heteroreceptors,

ABBREVIATIONS: 5-HT, S-hydroxytryptamine (sarotonin), NE, norepinephrine; MAO, monoamine oxidase, ECS, electroconvulsive shocks.
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Fig. 1. Functional and anatomical refations of 5-HT ang NE receptors.
The effects on rat dorsal hippocampus pyramidal neurons of endogenous
NE and 5-HT released by the electrical stimulation of the corresponding
pathway are mediated by Intrasynaptic aipha-1 adrenoceptors and 5-
HT .. receptors, respectively, Furthermore, the amount of NE and 5-HT
released in the synaptic cleft is negatively regulated by autoreceptors of
the alpha-2 adrenergic and 5-HT.s subtypes. [n contrast, NE and 5-HT
applied by microlontophoresis activate extrasynaptic a/ohg-2 adrenocep-
tors and 5-HT\. receptors, respectively. Endogenous NE tonically inhibits
5-HT neurgtransmission through alpha-2 adrenergic heteroreceptors lo-
cated on 5-HT terminals.

inasmuch as long-term MAOQO inhibition fails to induce such &
desensitization after an NE denervation (Mongeau et al,
1993b).

The aim of the present study was to determine whether other
drugs acting on the NE system through different primary sites
of action also wouid affect alpha-2 adrenergic heteroreceptor
function. An alternative way to modify NE aeurotransmission
was to block the alpha-2 adrenoceptors with two specific antag-
onists, idazoxan and (+)-mianserin (Bauman and Maitre, 1977;
Doxey et al., 1983; Raiteri et al, 1983b). Studies using release
from pretvaded brain slices, microdialysis or electrophysiologi-
cal techniques have shown that these two alpha-2 adrenergic
antagonists increase INE synaptic concentration in the rat brain
in vitro, as well as in vivo when given acutely, by blocking the
alpha-2 adrenergic autoreceptors (Rose et al., 1984; L'Heureux
et al., 1986; Dennis et al., 1587; Curet and de Montigny, 1989).
Furthermore, these drugs have antidepressant properties as for
MAOQ inhibitors and monoamine reuptake blockers. Indeed,
racemic (+}-mianserin is used in Europe as an antidepressant
drug (van Riezen et al., 1981), and there are reports supporting
the antidepressant efficacy of idazoxan (Pinder and Sitsen,
1987; Osman et al,, 1989; Taylor, 1989).

In the present study, the effects of [ong-term treatment with
mianserin and idazoxan were tested on the alpha-2 adrenocep-
tors that modulate 5-HT neurotransmission and compared with
that of repeated ECS, which is generally considered as a “gold
standard” in the treatment of depression. A well established
effect of repeated ECS is the increase in 5-HT neurotransmis-
sion through the sensitization of postsynaptic 5-HT . receptors
(de Montigny, 1984; Chaput et al, 1991). Endogenous NE
release in the brain also is modulated by ECS (Thomas et al.,
1992). Finally, the function of the 5-HT,p autoreceptors and
the postsynaptic 5-HT\, and alpha-2 adrenergic receptors {see
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fig. 1) was also assessed in parailel with that of the alpha-2
adrenoceptors that modulate 5-HT neurotransmission in order
to determine the specificity of the changes induced by long-
term alpha-2 adrenergic antagonism or repeated ECS,

Materials and Methods

Animals and treatmenta. Male Sprrgue-Dawley rats (Charles
River, St. Constant, Qué, Can), maintained on a 12:12 light-dark cycle
with free access to food and water, were treated for 3 weeks with either
5 mg/kg/day of mignserin, 10 mg/kg/day of idazoxan or saline by using
osmotic minipumps (Alzet) implanted s.c. These minipumps wete re-
moved 48 hr before the experiment in order to allow a complete
elimination of the drugs. During a period of 2 weeks, group of rats was
treated with six or seven ECS under light halothane anesthesia. During
the same period, controls received halothane without ECS.

Recording from dorsa! hippocampus CA; pyramidal neurons.
Extracellular unitary recording of CA; pyramidal neurona in the dorsal
hippocampus and microiontophoresis applications were carried out
with five-barreled micropipettes, pulled conventionally with the tip
broken to & diameter of 9 to 11 um. The central barrel, used for
recording, was filled with a 2 M NaCl solution and the side batrels
contained the following solutiona: 5-HT creatinine sulfate {0.5 mM in
200 mM NaC), pH 4), NE bitartrate (20 mM in 200 mM NaCl, pH 4),
acetylcholine chloride (20 mM in 200 mM NaCl, pH 4) end a 2 M NaCl
solution used for automatic current balancing. The 5-HT and NE
solutions were retained with a =7 nA current hetween ejections. Pyram-
idal neurons were identified by their large amplitude (0.5-1.2 mV) and
long duration (0.8-1.2 msec) simple spikes alternating with complex
spike discharges (Kandei and Spencer, 1961). These characteristics
readily allow to differentiate pyramidal neurons from interneurons, A
leak or a small current of acetylcholine (—1 to 5 nA) was used to
activate silent or slowly discharging pyramidal neurons to a physiclogic
firing rate (8-12 Hz) {Ranck, 1975), because most of these cells do not
discharge spontaneously in chloral hydrate-anesthetized rats. The re-
sponsiveness to microiontophoretic applicatior: of 5-HT and NE was
evaluated from the number of spikes suppressed/nanoampere calcu-
lated on-line by computer analysis allowing a 100 msec discrimination.

Stimulation of the 5-HT pathway. To activate the 5-HT projec-
tions to the dorsal hippocampus, a bipolar electrode {NE-100; David
Kopf, Tujunga, CA) was implanted on the midline with & 10* backward
angle in the ventromedial tegmentum, 1 mm anterior to lambda and
8.3 mm below the cortical surface. Two hundred square pulses of 0.5
maec were delivered by a stimulator (S8800, Grasa, Quincey, MA) at
an intensity of 300 uA and generally at a frequency of 1 Hz. Different
frequencies of stimulation (1 and 5 Hz) were used to evaluate the-
function of the terminal 5-HT autoreceptor. Thi. approach is based on
the assumption that the higher the frequency of stumulation, the greater
should be the degree of activation of the terminal autoreceptor at the
time of arrival of the next stimulation-triggered action potential. There-
fora, each pulse of the higher frequency of stimulation is expected to
produce a smaller effzct on postsynaptic neurons, each imoulse releas-
ing a smaller amount of 5-HT. Evidence has been provided for the
validity of this assumption (Chaput et al, 1986a). The stimulation
pulses and the firing activity of the neurons recorded were fed to a
computet equipped with a Tecmar interface. Peristimulua time histo-
grams were generated to determine the duration of suppression of
firing, measured in absolute silence value (in milliseconds), This pa-
rameter is obtained by dividing the total number of events suppressed
by the stimulation by the mean frequency of firing of the neuron
recorded. [t thus represents an estimate of the duration of the suppres-
sion of firing corrected for the mean prestimulation firing frequency.
Several lines of evidence indicate that the effect of the electrical
stimulation of the ascending 5-HT pathway is due to the release of 5-
HT into the synaptic cleft. Firat, it is virtually abolished by a pretreat-
ment with the 5-HT neurotoxin, 5,7-dihydroxytryptamine (Blier and
de Montigny, 1983, 1985), Second, it is blocked by the acute i.v.
injection of the 5-HT;, receptor antagonist BMY 7378 (Chaput and de
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Montigny, 1988). Third, it is enhanced by terminal 5-HT autoreceptor
blockade (Chaput et al,, 1986b). Fourth, it is reduced by terminal 5-HT
autoreceptor activation (Chaput and de Montigny, 1988).

The effect of stimulating the ascending 5-HT fibers was determined
while recording from the same neuron before, and following, the suc-
cessive i.v. injections of 10 and 400 ug/kg of clonidine. The time elapsed
between the control stimulation periods and those following the admin-
istration of clonidine was of about 15 min.

Drugs. The following drugs were used: idazoxan and mianserin
(RBI, Natick, MA); 5-HT creatinine sulfate, NE bitartrate and acetyl-
choline chloride (Sigma Chemical Co., St. Louis, MO); and chloral
hydrate (American Chemicals, Montréal, Québec, Canada),

Statistical analyses. All results are expressed as means + S.EM.
The statistical significance of the difference between the effects of the
stimulation of the 5-HT pathway at 1 and 5 Hz, as well as before and
after the acute administration of a drug, was assessed by using the
paired Student’s ¢ test. Possible differences in the magnitude of the
effects of clonidine between control and treated rats were tested for
statistical significance by covariance analysis, the predrug value being
used as the regressor. Diffsrences in the efficacy of the stimulation of
the 5-HT pathway and in the neuronal responsiveness to microionto-
phoretic applications of NE and 5-HT between control and treated rats
were assessed for atatistical significance by using the unpaired Stu-
dent's ¢ test.

Effects of long-term alpha-2 adrenergic antagonist
treatments. The suppressant effect of the electrical atimula-
tion of the ascending 5-HT pathway on the firing rate of CA,
pyramidal neurons of the dorsal hippocampus was assessed
after 3-week treatments with saline, idazoxan (10 mg/kg/day)
or mianserin (6 mg/kg/day) delivered through osmotic mini-
pumps implanted s.c. These minipumps were removed 48 hr
before the experiment to allow elimination of the drugs. As
shown in figure 2, the efficacy of the stimulation at 1 or 5 Hz
was changed neither by the idazoxan nor by the mianserin
treatment. Furthermore, the magnitude of the reduction in the
duration of firing recorded when the frequency of stimulation
was increased from 1 to 5 Hz was not significantly different in
the treated (idazoxan, —27 + 9% and mianserin, —24 * 7%)
compared to the saline group (—31 = 4%), thus indicating an
unchanged responsiveness of the 5-HT:p autoreceptors,

The peristiraulus time histograms of figure 3A show that 10
ug/kg of i.v. clonidine enhanced, whereas 400 ug/kg reduced,
the duration of suppression of firing in the same neuron of a
saline-treated rat. Similar results were obtained for control rats
teated in parallel to the ECS treatment. In the pooled control
groups (fig. 4), the administration of 10 and 400 ug/kg of i.v.
clonidine increased by 33 & 8% and decreased by 24 + 5%,
respectively, the mean duration of suppression of firing when
compared to the initial value, These incremental and decre-
mental effects of clonidine were statistically significant at the
0.001 and 0.01 levels, respectively, by using the paired Student’s
¢ test.

The duration of suppression of firing after 10 and 400 xg/kg
i.v, of clonidine in the same neuron of an idazoxan-treated rat
is shown in the peristimufus time histograms of figure 3B, It
shows that the low or the high dose of clonidine did not alter
the efficacy of the stimulation in this case. On average, the 10-
ug/kg i.v. dose of clonidine did not significantly increase the
duration of suppression of firing in rats treated for 3 weeks
with idazoxan (fig. 5A) or mianserin (fig. 5B) treatment. Fur-
thermore, 400 ug/kg of i.v. clonidine failed to reduce the dura-
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Fig. 2. Duration .f suppression of firing activity of dorsal hippocampus
pyramiial neurony obtained from electrical stimulations of the ascending
5-HT pathway at an intensity of 300 xA and at frequencies of 1 or 5 Hz.
Data are means x S.E.M. in this and the following figures. The numbers
within the histograms represent the number of neurons tested,. The 5 Hz
fraquency of stimulation was significantly less effective than the 1 Hz
frequency in suppressing the firing activity when tested on the same
neurons (‘P < .05, using the two-talled paired Student's ¢ test). This
degroe of raduction was similar in rats treated with saline {SAL), idazoxan
(IDX; 10 mg/kg/day) and mianserin (MIAN; 5 mg/kg/day) for 3 weeks.
SIL, silence values.
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Fig. 3. Representative peristimulus time histograms llustrating the ef-
fects of systemic injections of clonidine (10 and 400 ugfkg l.v.) on the
efficacy of the elactrical stimulation of the ascending 5-HT pathway in

tha firing activity of CAy pyramidal neurons of hippocampus
in acontrol rat (A) and in a rat treated with idazoxan (B). Each peristimulus
time histogram was constructed from 200 puises of 0.5 msec delivered
at 1 Hz at ime 0 with an intensity of 300 xA. Bin width is 2 msec,

tion of suppression of firing below to the initial value after the
idazoxan (fig. 5A) and the mianserin (fig. 5B).
Microiontophoretic applications of 5-HT and of NE were
performed in the CA, region of the dorsal hippocampus after
alpha-2 adrenergic antagonists treatments to assess their sup-
pressant effects on the firing activity of the postaynaptic py-
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Fig. 4. Histograms showing the effects of systemic infections of clonidine
on the efficacy of the electrical stimulation of the ascending 5-HT pathway
in suppressing the firing activity of CA, pyrarnidal neurons of hippocam-
pus In the control group. The number of neuron tested to assass the
effect of the low and the high dose of clonidine is 16 and 12, respectively.
*P < .01; **P < .001, by using a two-tailed paired Student's ! tast,
comparing before and after clonidine administration in the same rats.
SIL, silence values.

ramidal neurons. As shown in figure 6, no significant changes
in the suppressant effects of 5-HT and NE were observed after
long-term treatment with idazoxan or mianserin. Considering
that the suppressant effect of 5-HT is mediated by postsynaptic
5-HT\a receptors (Chaput and de Montigny, 1988) and that of
NE through postsynaptic alpha-2 adrenergic receptors (Curet
and de Montigny, 1988; fig. 1), the results indicate an un-
changed responsiveness of the alpha-2 adrenergic and 5-HT:a
receptors of the pyramidal neurons of hippocampus.

Effects of repeated ECS. in another series of experiments
rats received, over a 2-week period, six or seven ECS under
light halothane anesthesia. During the same peried, controls
received halothane without ECS. Figure 7 shows representative
illustrations of the suppressant effect of the electrical stimula-
tion of the ascending 5-HT pathway on the firing rate of CA,
pyramidal neurons of the dorsal hippocampus in the ECS and
the control group. Increases in the efficacy of the stimulation
of 46% (P <« .01) and 27% (P = .05) were found ih the ECS
group at 1 and 5 Hz, respectively (fig. 8). However, the magni-
tude of the reduction in the duration of firing recorded when
the frequency of stimulation was increased from 1 to 5 Hz in
the ECS group (-33 + 4%) was not different from that of the
controls (=34 £ 7%; fig. 8), suggesting that the function of the
terminal 5-HT,p autoreceptors had not been altered by the
ECS treatment.

As can be seen in the histograms of figure 9, the 10 and the
400 ug/kg i.v. doses of clonidine produced their ysual incre-
mental and decremental effects in the ECS group. The small
dose produced in this group an enhancement of 19 + 6%, which
was smaller from that found in the control group (33 * 8%; fig.
4}, but the difference between these two groups was not statis-
tically significant using covariance analysis. The decrease in
the effectiveness of the stimulation of the 5-HT pathway by
the high dose of clonidine in ECS-treated rats (—29 = 10%)
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Fig. 5. Histograms showing the eHfect of systernic injections of clonidine
on the efficacy of the electrical stimulation of the ascending 5-HT pathway
In suppressing the firing activity of CA; pyramidal neurons of hippocam-
pus in the idazoxan (A) and the mianserin (B) treated group. The number
of neurons tested is given at the bottom of each column. None of the
mean sience values (SIL) after clonidine administration in the idazoxan-
and mianserin-treated groups were significantly ditferent from those
before clonidine administration in the same rats (P > .05 using paired
two-tailed Student's ¢ test).

was similar to that found in the control group (-24 + 5%; fig.
4).

Changes in postsynaptic receptor responsiveness were found
to parallel those observed in the efficacy of the stimulation of
the 5-HT pathway. Indeed, as illustrated in figure 10, the
supptessant effect of microiontophoretically applied 5-HT, but
not NE, was increased after the ECS treatment. On average,
there was a 148% enhancement of the suppreasant effect of 5-
HT in the ECS group compared to controls (fig. 11). In contrast,
there was no significant change in the suppressant effect of NE
{fig. 11). Thus, these results indicate an increase in the respon-
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Fig. 8. Responsiveness, expressed in spikes suppressed per nancam-
pere, of dorsal hippocampus pyramidal neurons o microlontophoretically
apphed 5-HT and NE in control (CTL), idazoxan (IDX)- and mianserin
{MIAN}-treatsd rats. The number of neurons tested is given at the bottom
of each column. None of the mean values in the tDX- and baN-treated
rats wera significantly different from saline-treated rats (P > .05 by using
two-tailed Student's ! test).
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siveness of the 5-HT\. receptors, but not alpha-2 adrenergic
receptors, localized postsynaptically on CA; pyramidal neurons.

Discussion

The present electrophysiological data show that a long-term
treatment with an alphe-2 adrenergic antagonist decreases the
inhibitory effect of a high dose of clonidine (400 ug/kg i.v.) on
the effectiveness of the stimulation of the 5-HT pathway (figs.
4 and 5). In a previous study (Mongeau et gl.. 1993), the
decremental effect of high doses of clonidine has been fully
characterized by using the present electrophysiological para-
digm. It was shown to be mediated by the activation of alpha-
2 adrenergic heteroreceptors on 5-HT terminals, resulting in a
decreased amount of 5-HT released per action potential. The
present results thus suggest that mianserin and idszoxan de-
sensitize alpha-2 adrenergic heteroreceptors. Such 2 change
could result from a decrease in the density of the heterorecep-
tors, a change in the coupling of the heteroreceptors w:th their
G proteins or an alteration in second messenger function.

Idazoxan and mianserin most likely produced their lo.1g-term
effects on these heteroreceptors indirectly, by increasiny during
the treatment the concentration of NE through a blockade of
alpha-2 adrenergic autoreceptors of NE neurons. Although
mianserin can block in vitro the reuptake of NE, it does not

A- CONTROL B- ECS

1 Hz

.50 1] 50 100
TIME (ms)

150 200 -50 Q

Events / bin
o

50 100
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produce this effect in vive {Bauman and Maitre, 1977; Goodlet
et al., 1977). A partial agonist effect of idazoxan at presynaptic
alpha-2 adrenoceptors in rabbit ear artery has been reported
(Limberger and Starke, 1983}, but suach an effect does not occur
at the alpha-2 adrenergic heteroreceptors on 5-HT terminals,
because idazoxan by itself does not decrease the efficacy of the
stimulation of the 5-HT pathway when administered acutely
{Mongeau et al., 1993).

There is evidence supporting our contention that idazoxan
altered indirectly the responsiveness of aipha-2 adrenergic het-
eroreceptors on 5-HT terminals by acting preferentially on the
alpha-2 adrenergic autoreceptors of NE neurons, Indeed, ida-
zoxan, contrarily to the alpha-2 adrenergic antagonist yohim-
bine, does not block the decremental effect of desipramine (a
NE reuptake blocker) on the efficacy of the stimulation of the
5-HT pathway {Mongeau et al,, 1993), whereas it readily blocks
the decremental effect of desipramine on the efficacy of stim-
ulation of the ascending NE pathway (Curet et al., 1992), This
is in keeping with the 250-fold greater affinity of idazoxan for
autoreceptors than for the alphg-2 adrenergic heteroreceptors
located on 5-HT terminals (Preziosi et al., 13989).

Mianserin also can increase NE release by the action of its
(+)-stereoisomer which blocks the alpha-2 adrenergic autore-
ceptors o NE neurons (Raiteri et af., 1983b; Maura et af,
1985). It thus appears likely that the mianserin treatment
produced its long-term effect on alpha-2 adrenergic heterore-
ceptors by a mechanism similar to that proposed above for the
idazoxan treatment. Nevertheless, mianserin also blocks alpha-
2 adrenergic heteroreceptors (Raiteri et al., 1983b: Mongeau et
al,, 1993; Maura et al., 1985), which could oppose to the desen-
sitizing action of the increased levels of endogenous NE elicited
during the treatment by (+)-mianserin. For example, the de-
gensization of beta adrenergic receptors by desipramine is
impeded by the beta adrenergic antagonist propranolol (Wolfe
etal., 1978). One might assume that the elevation in endogenous
NE produced by the treatment was such that mianserin, at the
dose used, did not prevent the desensitization of alpha-2 adre-
nergic heteroreceptors.

In addition, the results of the present study indicate that
long-term treatments with alpha-2 edrenergic antagonists de-
crease the incremental effect of the small dose of clonidine {10
we/keg iv.; figs. 4 and 5). A previous electrophysiological study
has shown that low doses of clonidine enhance the suppression
of firing by preferentially activating alpho-2 adrenergic auto-
receptors, thereby reducing the concentration of endogenous
NE tonically activating alpha-2 adrenergic heteroreceptors on

Fig.7. Representative peristimulus time
histograms illustrating the effect of the elec-
trical stimulation of the 5-HT pathway in
suppressing the firing activity of CA, pyram-
idal neurons of hippocampus at 1 or 5 Hz
in a control (A) and an ECS-treated (B) rat.
Each peristimuius time histogram was con-
structed from 200 pulses of 0.5 msec deliv-
ered at ime 0 with an intensity of 300 uA.
Bin width i3 2 msec.

150 200

TIME {ms)
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Fig. 8. Duration of suppression of firing activity of dorsal hippocampus
pyramidal neurons obtained from electrical stimulations of the ascending
5-HT pathway at an intensity of 300 uA and at frequencies of 1 and 5
Hz. The numbers within the histograms represent the number of neurons
tested. The efficacy of the stimulation at 1 Hz was increased significantly
in the ECS compared to tha control (CTL} group {+P < .01, by using the
unpaired two-tailed Student’s { test). The 5 Hz frequency of stimulation
was significantly less effective than the 1 Hz frequency in suppressing
the firing activity when tested on the same neurons (*P < .05, by using
the two-tailed paired Student's ! test). The degree of reduction was
similar in the CTL and the ECS group. SIL, silence values.
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Fig. 9. Histograms showing the etfect of systemic injections of clonidine
on the efficacy of the electrical stimulation of the ascending 5-HT pathway
in suppressing the firing activity of CA; pyramidal neurons of hippocam-
pus in the ECS group. The number of neurons tested to assess the
effect of the small and the high dose of clonidine is 9 and 7, respectively.
P < 05 P < .01, by using a two-tailed palred Student's t test,
comparing before and after clonidine administration In the same rats.
SIL, sllence values.
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Fig. 10. integrated firing rate histograms of two CA, dorsal hippocempus
pyramidal neurons showing their responses to microiontophoretically
applied 5-HT and NE in a control rat (A) and in a rat treated with repeated
ECS (B). The bars indicate the duration of the application (50 sec) for
which the ejection current is given in nancamperes. Time base applies
to both traces.
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Fig. 11. Responsiveness, exprassad in spikes suppressed per nanoam-
pere, of dorsal hippocampus pyramidal neurons to microiontophoretically
applied 5-HT and NE in controf (CTL) and repeated ECS-treated rats.
The number of neurons tested is given at the bottom of each column.
The suppressant effect of 5-HT was increasad significantly in the ECS
group compared to the CTL group {*P < .01, by using the unpaired two-
talled Student’s t test), whereas that of NE was not.

5-HT terminals (Mongeau et al., 1993). The present data thus
suggest a decrease tonic inhibitory action of endogenous NE
on these heteroreceptors after idazoxan and mianserin treat-
ments, 48 h after the minipumps were removed. This would be
consistent with previous reports showing decreased levels of
NE in the rat brain after a 10-day treatment with idazoxan
delivered through osmotic minipump (Dickinson et al., 1990)
and a supersensitivity of alpha-2 adrenergic autoreceptors after
their chronic blockade with mianserin and idazoxan (Sugrue,
1980; Cerrito and Raiteri, 1981; Raiteri et al, 1983a; Dickinson
et al., 1989). An increased negative feedback regulation of NE
release through the autoreceptors would obviously reduce the
amount of endogenous NE acting on the alpha-2 adrenergic
heteroreceptors at the moment of the experiment. The tonic
inhibitory action of endogenous NE on 5-HT neurotransmis-
sion would thereby be so weak that a further activation of the
alpha-2 adrenergic autoreceptors with the small dose of clo-
nidine would have little or no detectable effect.

Raiteri et al. (1983a) reported no change in the sensitivity of
the alpha-2 adrenergic heteroreceptors from 5-HT nerve end-
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inga of the rat brain after long-term treatment with mianserin.
Two factors can readily be excluded to explain the discrepancy
of this study with the present data. First, in the study of these
investigatora (Raiteri et al, 1983a), the treatments were per-
formed with either the (+)- or the (—)-sterecisomers of mian-
serin, but not with racemic (£)-mianserin. The desensitization
of the heteroreceptors might occur only with racemic (%)-
mianserin, which is the compound used clinically. However, we
do not believe this explanation likely, inasmuch as only the
{+)-stereocisomer is active at the glpha-2 adrenergic autorecep-
tors and thus can contribute to desensitize alpha-2 adrenergic
heteror:ceptors by increasing NE release. Second, as in the
study of Raiteri et al. (1983a), the washout period (2 days) was
appropriate considering that there was no change in the re-
sponsiveneas of postsynaptic alphg-? edrenoceptors to mi-
croiontophoretically applied NE after mianserin or idazoxan
treatment in the present study (fig. 6). One can thus assume
that no residual drug could have blocked the effect of clonidine
on aipha-2 adrenergic heteroreceptors. On the other hand, the
difference that might be crucial is that Raiteri e¢ gl {1983a)
injected the drug i.p. once daily for 14 days, whereas in the
present study mianserin was delivered continuously during 21
days with osmotic minipumps ingerted s.c, Intraperitoneal ad-
ministration of mianserin in rats might not produce sustained
aipha-2 adrenergic autoreceptor blockade, considering the im-
portant first-pass hepatic metabolism and alao the much faster
catabolism of such drugs in rats than in humans,

Contrarily to the idazoxan and mianserin treatments, re-
peated ECS increased the efficacy of 5-HT synaptic neurotranas-
mission, as determined by the increased duration of suppression
of firing of pyramidal neurons by the electrical stimulation of
the afferent 5-HT pathway {(fig. 8). This is consistent with a
previous report (Chaput et al, 1991), and can be correlated
with an increased responsiveness of postaynaptic 5-HT,, recep-
tors to microiontophoretically applied 5-HT (fig. 11) (de Mon-
tigny, 1984; Chaput et al., 1991). On the other hand, the increase
in 5-HT neurotransmission induced by repeated ECS does not
appear to be related to an action of NE on alpha-2 adrenergic
heteroreceptors. Indeed, there were no significant differences
in the incremental and decremental effects of clonidine on the
efficacy of the stimulation of the 5-HT pathway in ECS-treated
and control rats (fige. 3 and 8). The effect of acute and repeated
ECS on the release of endogenous NE was investigated recently
in the rat (Thomas et al, 1992); in the hippocampus, acute
ECS produced a transient 30-min increase of NE levels,
whereas repeated ECS did not change basal NE levels 24 h
after the last treatment. In the light of these data, it can be
presumed that alpha-2 adrenergic heteroreceptors on 5-HT
terminals in the hippocampus are not exposed to a sustained
increase in NE synaptic concentration during the course of a
ECS treatment, explaining the lack of effect of this treatment
on the responsiveness of the heteroreceptors to clonidine {(figs.
3 and 8). It would be interesting to study the effect of ECS in
the frontal cortex, because a substantial increase in the levels
of NE was observed in this region 24 hr after repeated ECS
{Thomas et al., 1892).

In conclusion, various classes of antidepressant treatments
{MAOQ inhibitor, NE reuptake inhibitor and aipha-2 adrenergic
antagonist), but not all (5-HT reuptake blocker, repeated ECS),
share the capacity to desensitize the alpha-2 heteroreceptors
on 5-HT terminals in the hippocampus by producing a sus-
tained enhancement in the synaptic concentration of NE. This
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desensitization process might contribute to their therapeutic
efficacies.
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Fourth article

The second step of this Ph.D. thesis was to investigate the opposite NA - 5-HT
interaction, that is, S-HT receptors of the rat hippocampus modulating the release of NA.
We have decided to focus on the possible involvement of 5-HT3 receptors, having
already had some indications from the literature that the 5-HT3 agonist 2-methyl-5-HT
modulates the release of NA in other species and brain areas. The technique of in vitro
release of tritiated neurotransmitter from brain slices was used in the present study. In
brief, slices of the rat hippocampus, hypothalamus or frontal cortex were preloaded with
[3H]JNA and then placed into glass chambers where they were superfused with a
physiological medium. The slices were electrically stimulated twice (first at S1 and then
at S2) and the effect on the evoked release of {3H]NA of various 5-HT agents, introduced
before S2, was estimated by calculating the S2/51 ratios.

This article entitled "Activation of 5-HT3 receptors enhances the electrically
evoked release of [3H])noradrenaline in rat brain limbic structures" by myself, Claude
de Montigny and Pierre Blier was published in the European Journal of Pharmacology
(1994, vol. 256, pp. 269-279).
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Activation of 5-HT, receptors enhances the electrically evoked release
of [*H]noradrenaline in rat brain limbic structures
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Abstract

The ability of 5-HT rcceptor agonists to medulate the electrically evoked release of [*Hlnoradrenuline was tested on
preloaded slices of the rat brain, The 5-HT; receptor agonist 2-methyl-5-kydroxytryptamine (2-methyl-3-HT) (1G-100 M)
concentration-dependently enhanced the clectrically evoked release of ["Hincradrenaling in the hippocampus and the hypothala-
mus, but only at 100 ¢M in the frontal cortex. The enhancing cffect of 2-methyl-3-HT was blocked by the 5-HT, receptor
antagonist ondansetron. Elevated levels of endogenous 5-HT, achieved through selective reuptake blockade with paroxetine, as
well as the addition of exogenous 5-HT in the medium. also enhanced [*H]noradrenaline release. Furthermore, this effect of
paroxctine was blocked by nanomolar concentrations of the 5-HT, receptor antagenists ondansetron, tropisetron and ($)-
zacopride. Only high concentrations of the 5-HT, receptor agonist m-chlorophenylbiguanide increased [*Hlnoradrenaline
release from hippocampal slices, and this ¢ffect was not blocked by ondansetron nor by (§)-zacopride. The possibility that the
enhancing ¢ffect of 2-methyl-3-HT could have been due to the antagonism of aj-autoreceptors of noradrenergic terminals was
ruied out by the unalicred cffectiveness of the as-adrenoceptor agonist UK-14,304 (1 xM) to attenuate [*H]noradrenaline
release in the presence of 100 uM of 2-methyl-3-HT. Morcover, in pscudo-one-pulse experiments 100 pM of 2-methyl-5-HT
increased [*Hlnoradrenaline release in the absence of autoinhibition through a,-adrenergic autoreceptors. The 5-HT,, and
5-HT,;; receptor agonists 8-hydroxy-2(di-n-propyl-aminoktetralin and CP-93,129, respectively, as well as the 5-HT, receptor
agonist 5-carboxyamidotryptamine, were devoid of effect on the release of [*Hlnoradrenaline, The 5-HT,, 1 Teceplor agonist
1-(2 5-dimethoxy-4-iodophenyl)-2-aminopropane increased the release of (*Hlnoradrenaline, but this effect was not blocked with
the 5-HT, receptor antagonist ondansetron. Lesioning 5-HT fibers with the neurotoxin 5,7-dihydroxytryptamine did not alter the

action of 2-methyl-5-HT on ['H]noradrenaline release. indicating that this cffect is not attributable to an action of this 5-HT,
receptor agonist on 5-HT terminals.

Key words: 5-Carboxyamidotryptamine; CP-93,129; Desensitization; 3,7-Dihydroxytryptamine: Hippocampus: Hypothalamus;
Frontal cortex; Tropisetron; 5-HT (5-hydroxytryplamine, scrotonin); 8-OH-DPAT (8-hydroxy-2(di-n-propylumino)tetralin), 2-
Methyl-5-HT; m-Chlorophenylbiguanide; Ondansetron; Paroxetine; Presynaptic modulation: (§)-Zacopride

1. Introduction Kreulen, 1991). On the other hand. the release of
noradrenaline from sympathetic nerves in certain hu-

Numerous studies have shown the ability of 5-HT man and rat blood vessels is inhibited through presyn-
(5-hydroxytryptamine, serotonin} to modulate nor- aptic 5-HT, receptors (Gothert et al.. 1986; Molderings
adrenaline and dopamine neurotransmissions. In the et al., 1987, 1990}, and in the pig vessels through
peripheral nervous system, activation of 5-HT, recep- presynaptic 5-HT receptors different from the 5-HT,,
tors depolarizes sympathetic postganglioric neurons 5-HT, or 5-HT, receptor class (Molderings et al., 1989;
and consequently triggers noradrenaline release in rab- Mechan and Kreulen, 1991). In the central nervous
bit and rat superior cervical ganglia (Fozard, 1984), as system, the dorsal and the median raphe exert an
well as in the pig mesenteric ganglion (Meehan and inhibitory action on the firing activity of the locus

coeruleus neurons {(Lechin et al., 1989). Synaptic po-
tentials evoked by glutamate and y-aminobutyric acid
* Corresponding author, Tel. (514) 398-7304, fux (514) 398.4866. {GABA) in the rat locus coeruleus are inhibited

0014-2999,/94 /507.00 © 1994 Elsevier Science B.V. All rights reserved
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through 5-HT,, and 5-HT,; receptors (Bobker and
Williams, 1989). On the other hand, the activation of
5-HT, receptors facilitates the sensory-evoked firing
activity and decreases the spontancous activity of nor-
adrenergic neurons in this nucleus by GABA and exci-
tatory amino acid inputs, respectively (Rasmussen et
al., 1986; Aghajanian, 1980; Chiang and Aston-Jones,
1993). Numerous reports have also shown that
dopaminergic ncurotransmission is enhanced by the
activation of 5-HT; receptors {Blandina et al., 1988
1989; Jiang et al., 1990; Chen ct al., 1991, 1992). In
contrast, few investigations have focussed on the effect
of 5-HT agents on the function of noradrenergic termi-
nals. A recent study has reported that the potassium-
evoked release of endogenous noradrenaline in rat
hypothalamic slices is decreased by 5-HT, receptor
activation (Blandina et al,, 1991). However, this is at
variance with other data showing a facilitatory effect of
5-HT on noradrenergic terminals in different prepara-
tions, The 5-HT receptor agonist 5-methoxy-N, N-di-
methyltryptamine and the electrical stimulation of the
descending 5-HT pathway of rats pretreated with a
5-HT reuptake blocker increase the efflux of endoge-
nous noradrenaline in the rat spinal cord (Hammond
et al., 1985 Reimann and Schneider, 1993). In ad-
dition, a study by Feuerstein and Hertting (1986)
carried out in rabbit hippocampus showed that exoge-
nous 5-HT, 5-HT reuptake blockade, and the 5-HT,
receptor agonist 2-methyl-5-HT increase the electri-
cally induced release of [*H]noradrenaline. These ef-
fects were blocked by the 5-HT, receptor antagonists
MDL-72222 and ICS 205-930 (tropisetron). However,
5-carboxyamidotryptamine (5-CT), a 5-HT, receptor
agonist without significant affinity for 5-HT, binding
sites (Hoyer 1991), produced a similar enhancement of
the evoked release of [*Hlnoradrenaline.

The present study on the effect of 5-HT; ligands on
[*H)noradrenaline relcase was undertaken to address
several issues: (1) to test the potency of the agonist
2-methyl-5-HT in different [imbic structures in order to
determine whether its effect on the function of nor-
adrenergic terminals varies among brain regions; (2) to
assess whether the 5-HT, receptors modulating nor-
adrenaline relcase desensitize rapidly after agonist ex-
posure: (3) to assess the capacity of endogenous 5-HT
to alter [*H]noradrenaline release using a 5-HT reup-
take blocker and various 5-HT, receptor antagonists;
(4) to rule out the possibility that 2-methyl-5-HT exerts
its enhancing effect on [*Hlnoradrenaline release
through a blockade of a,-autorcceptors of noradrener-
gic terminals.

It was also considered crucial to test the ability of
various 5-HT, and 5-HT, receptor agonists to modu-
late the evoked release of [*H]noradrenaline and com-
pare their actions to that of 5-HT. The results of
Feuerstein and Hertting (1986} and Blandina et al.

(1991) suggested a participation of 5-HT, receptors in
the modulation of noradrenaline release by 5-HT and
J-methyl-3-HT in the brain. First, the 5-HT receptor
receptor agonist 5-CT was found to enhance the elec-
trically evoked release of [‘Hlnoradrenaline in the
rabbit hippocampus (Feuerstein and Hertting, 1986),
Sccond, the blockade of 5-HT,, ,s¢ receptors with ri-
tanserin was required for the observation of the inhibi-
tion of the potassivm-evoked release of endogenous
noradrenaline induced by 5-HT, but not for that in-
duced by 2-methyl-5-HT. Furthermore. the activation
of 5-HT,, s agonist receptors with a-methyl-3-HT
reduced the inhibitory effect of 2-methyl-5-HT
(Blandina et al., 1991).

2. Materials and methods

Male Sprague-Dawley rats (250-350 g) were killed
by decapitation and their brain immediately removed
and rapidly dissected on an ice-cold glass plate. Slices
400 wm thick and of around 3 mm? of surface from the
hippocampus, hypothalamus, or frontal cortex were
prepared using a Mcllwain chopper and incubated for
30 min at 37°C in Krebs buffer containing (L1 M
(*H]noradrenaline (specific activity 15 mCi/mmol) und
bubbled with a mixture of 95% O,/5% CO,. The
composition of the Krebs buffer in mM concentrations
was: NaCl 118, KCl 4.7, CaCl, 1.3, MgCl, 1.2,
NaH,PO, 1, NaHCO, 25, glucose 11.1. Na,EDTA
(.004 and ascorbic acid 0.11. At the end of the
[*H]noradrenaline uptake period, the slices were
washed in Krebs buffer to remove the free ['H]-
noradrenaline, and then one hypothalamus slice or
th.ree slices of the hippocampus or frontal cortex tfive
slices of the hippocampus were used in pseudo-one-
pulses experiments) were transferred into cach glass
chamber (volume 1.85 ml) and superfused at rate of (0.5
ml/min with oxygenated Krebs buffer maintained at
37°C. Nineteen consecutive d-min fractions were col-
lected starting 60 min after the beginning of superfu-
sion for hippocampus and frontal cortex slices and 52
min after for hypothalamus slices. The slices were
stimulated twice, at 8 min (8,) and at 56 (5, } min. after
the end of the washing period. The clectrical field
generated in the chambers between the two platinum
electrodes (2 cm apart) had a voltage drop of about 5
V /cm. The following stimulation parameters were nor-
mally used; 20 mA, 2 ms, 3 Hz for 2 min. In pseudo-
one-pulses experiments the following parameters were
used: 20 mA, 2 ms, 4 pulses at 100 Hz. The first
stimulation period (§,) was always used as control and,
when 5-HT, receptor antagonists were used to antago-
nize the action of agonists, they were present through-
out the superfusion, whereas the other drugs were
added 8 or 20 min before §, and remained present
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until the end of the experiment. Idazoxan and 2-
methyl-3-HT were added to the superfusion medium
20 min before S, to test their antagonism toward the
inhibitory effect of UK-14.304 introduced 20 min be-
fore S,. Nisoxetine, a selective noradrenaline reuptake
inhibitor (Fuller et al.. 1979), was present theeughout
the superfusion period when necessary to avoid the
displacement of [*H]noradrenaline from its storage
vesicles by 5-HT receptor agonists. At the end of the
experiments, the slices were solubilized in 0.5 ml of
Soluene 350 and the radioactivity in the slices and
superfusate samples was determined by liquid scintilla-
tion spectrometry using 5 ml of Ready Micro at 30%
efficiency using a Beckman LS1600 counter. The
amount of tritium released per 4-min sample was ex-
pressed as a fraction of the total tissue tritium content
at the onset of the respective collection period. The
overflow of tritium produced by the electrical stimula-
tion was calculated as the total increase in radioactivity
above the basal outflow of tritium determined in the
sample immediately preceding the onset of stimulation.
To assess the drug-induced changes of clectrically
evoked release of tritium from the slices preloaded
with [*HlInoradrenaline. $,/8, ratios were calculated,
and B./B, ratios were also calculated to determine
whether the drugs had altered the basal outflow of
radioactivity.

2.1 Pretreatment with 5, 7-dihyvdroxytryptamine

A group of rat was treated 3 weeks before the
experiments with a (1.9% NaCl and 0.1% ascorbic acid
solution containing 10 ug/ul of 5.7-dihydroxytrypt-
amine (5.,7-DHT). 20 ul were injected intraccrebroven-
tricularly and 2 pl were locally applied in both the
dorsal and median raphe. To protect noradrenergic
neurons from the neurotoxic action of 5.7-DHT, the
selective noradrenaline reuptake blocker desipramine
(25 mg/kg i.p.) was administered | h prior to the
neurotoxin,

2.2, Statistical analyses

All results are expressed as means + S.E.M. Differ-
cnces between the means of treated and control groups
were tested with the two-tailed Student's ¢-test, pre-
requisites of which were condidered using the Bartlett's
test. Probability (P} values smalier than 0.05 were
considered as significant.

2.3. Drugs

The following drugs were used: 2-methyl-5-HT, 8-
hydroxy-2{di-n-propylaminohtetralin (8-OH-DPAT), 1-
(2,5-dimethoxy-4-iodophenyl)-2-aminopropane ((1)-
DOI), 5-CT (Research Biochemicals, Natick, MA,

USA), 5-HT creatinine sulfate. 3,7-DHT creatinine
sulfate, idazoxan HCl (Sigma Chemicals, St. Louis,
MO. USA). 3q{1.2.5.6-tetrahydropyrid-4-vlJpyrrolo[3.2-
blpyrid-3-one (CP-93.129), 5-bromo-6-[2-imidazolin-2-
yl-aminoJ-quinoxaline (UK-14,304; Pfizer. Groton, CT,
USA)., [*Hlnoradrenaline HCl (NEN. Mississauga.
Ont., Canada). ondansctron (Glaxo, Montreal, Can-
ada), tropisetron (ICS 205-930); Sandoz. Basel. Switzer-
land), (S5)-zacopride (Delalande, Rueil-Malmaison,
France). paroxetine (SmithKiine Beecham, Harlow,
UK), nisoxetine (Lifly, Indianapolis, IN, USA), m-chlo-
rophenylbiguanide HCI (Cookson Chemicals, Nursling
Southampton, UK).

3. Results

3.1. Effects of 5-HT, receptor agonists on the evoked
release of tritiated noradrenaline

In the following experiments, the noradrenaline re-
uptake blocker nisoxetine (Fuller et al. 1979) was
added throughout the experiment to avoid displace-
ment of [*H]noradrenaline from its storage vesicles by
5-HT receptor agonists. The effect of electrically stimu-
lating the slices preloaded with [*H]noradrenaline on
the fractional release of tritium in the presence of
nisoxetine is shown in Fig. 1A, The electrically evoked
relcase of [‘H]noradrenaline was considerably ¢n-
hanced in the presence .. a noradrenaline reuptake
blocker (without nisoxetine: §, = 1.47 £ 0.12%, n = 25;
with nisoxetine: §, = 3.42 + 0.27%¢, n = 25}, However.
the 5,/§, ratios were near unity and the B./8B, ratios
were approximately 0.8, with or without nisoxetine in
the superfusion medium.

When the 5-HT, receptor agonist 2-methyl-3-HT
(100 M) was introduced 8 min before .. the clectri-
cally evoked release of [*H]noradrenaline elicited in S,
was ¢nhanced by 45% compared to that in S|, without
any change of the basal outflow (Fig. 1B). Concentra-
tion-effect curves were generated for hippocampus,
hypothalamus and frontal cortex slices to compare the
potentiating effect of 2-methyl-5-HT among these brain
areas. The enhancing effect of 2-methyl-5-HT was con-
centration-dependent and similar in the hippocampus
and hypothamalus (Fig. 2A and 2B). However, concen-
trations of 10 and 30 uM of 2-methyl-5-HT did not
change significantly the electrically evoked relcase of
[*H]noradrenaline in frontal cortex slices. Nonetheless,
100 M of 2-methyl-5-HT produced in this brain area
an enhancement of the [*Hnoradrenaline release of
the same amplitude to that observed in the hippocam-
pus and the hypothalamus (Fig. 2C).

The enhancing effect of 2-methyl-5-HT (100 M) in
hippocampus was blocked by the addition of a 5-HT,
receptor antagonist, ondansetron (1 M), throughout
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the superfusion. In this condition, ondansetron did not
change by itself the 8.8, rutio (Fig. 3.

Another :'--Il"l'r., receptor agonist, m-chorophenylbi-
guanide. was tested in the rat hippocampus. At a
concentration of 0.1 w M. this drug added 8 min before
5. did not change the evoked release of [*H]nor-
adrenaline. but when the concentration was increased
to 1 and 10 w M. there was an increase in the evoked
release of [“Hlnoradrenaline of 177 and 4277, respec-
tively (control: 8./5, = LO1 £ 0.05. »n =9, m-chloto-
phenylbiguanide 0.1 uM: §./85, = 1LO8 £ 006, n=35;
m-chlorophenylbiguanide 1 aM: S,/8, =121 £0.07.
n=3. P <005 m-chlorophenylbiguanide 10 pM:

FAACTIONAL RELEASE (%)
n

S1 52
68 12 136

B | 2.CH,-6:HT 100 uml

FRACTIONAL RELEASE (%)
n

St s2
68 104 112 136

TIME (min} OF SUPERFUSION

Fig., I. Basal and electrically evoked release of tritium from hip-
pocampus slices preloaded with [ *H)noradrenaline in a Krebs buffer
contaning 1 g M ol pisoxetine throughout superfusion in the control
condition (A}, and with the introduction of 1N g M of 2-methyl-5-HT
8 min before the second period of electrical stimulation (B Each
stimulation period consisted of 360 pulses delivered af an intensity of
20 mA, with o dutition of 2 ms, and at a frequency of 3 Haz.
Ordinates represent the amount of tritium released per 4 min sumple
expressed as a fraction of the total tisy ¢ tritium content at the onset
of the respective collection period. The hatched areas represent the
propurtion of tritium overflow ¢voked by the stimulations. Data are
means + 5. E.M. of § experiments.
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Fig. 2. Concentration-effect curves of 2-methyl-3-1T, introduced 8
min before S, in o Krebs buffer containing 1 g M of aisoxetine, on
the release of tritium elicited by the electrical stimubstion ol hip-
pacampus {A), hypothalamus (B), and frontal conex (C) slices
prefoaded with [ "Hlnoradrenaline, Ordinate is the fraction of forl
tissue radioactivity released by 360 pulses (20 mA, 2 ms. 3 H2)
expressed as the ratio (8, /5,) oblained between The second period
of stimulation in the presence of 2-methyl-5-HT (5,) and the first
one done without this drug (S1), Each point represents the mein +
S.EM, of 5-10 experiments, * P <005, " P <001, "% p .o,
wsing the two-tailed Student’s :-test,

§,/8, =146 £ 0.11, n=35. P<{OD. without any
change in the basal outflow of radioactivity, However.,
the enhancing cffect of 10 gM of m-chlorophenylbi-
guanide was not blocked by 0.1 uM of (§)-zacopride
nor by | uM of ondansetron introduced before §, and
maintained throughout superfusion (data not shown).
The agonist 2-methyl-3-HT was also introduced 20
min before §, to assess the possibility that the 5-HT
receptor involved could rapidly desensitize, The spon-
tancous outflow of radioactivity following the addition
of 2-methyl-5-HT 20 min before S, (B,/8, = (.87 +
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Fig. Y Eifect of the 3-HT, receptor antagonist ondanset;on €1 2 M)
and profonged (20 min before 823 aganmt exposure on the potentia:
tion of the evoked [ THInoradrenadine release induced by 2-methyl-3-
HT (100 M) in hippocampal stices superfused with a Krebs buffer
containing | g M nisosetine, Ondapsetron was present beflore S, and
throughout superfusion. Data are means + 5.E.M. The nember of
experiments is given at the bottom of each column, ™ # < 001, using
the two-tailed Student™ r-test.

0,02, n =5} was not different from that observed fol-
lowing its addition 8 min before 8, (8,/8, =081 £
0.05, #=4) Most importantly, e enhanging effect
elicited by this 5-HT; receptor agonist introduced 20
min before 8. did not differ from that produced by its
addition 8 min before S, (Fig, 3),

3.2 Effect of various 5-HT receptor agonists on the
croked refease of tritiaicd noradrenaline

The 5-HT receptor agonists. 3-HT and 5-CT, were
tested here at the highest concentration shown to be
elfective in the study of Feuerstein and Hertting (1986)
in the rabbit hippocampus. In our conditions, 30 uM
5-HT introduced 8 min before S, enhanced by 2377 the
evoked release of [PHnoradrenaline without affecting
basal tritium eftlux, while 3-CT at the same concentra-
tion did not alter the 5./8, ratio (Table 1). The
5-HT,, receptor agonist 8-OH-DPAT (0.1 pM: Go-
zlan et al, 1983) and the 3-HT,, receptor agonist
CP-93.129 (10 o M: Macor et al., 1990) did not alter the
evoked release of [*Hlnoradrenaline (Table 1). Yet,
8-OH-DPAT and CP-93.129 at the same or lower ¢on-
centrations etficiently decreased the release of 5-HT by
acting on somuatodendritic or terminal autoreceptors
(Hjorth and Tao. [991: Skingle et al.. [992). On the
other hand, the 5-HT,, .» receptor agonist { +)-DOI

Fable 1

Frrieet of vaemus S-FHF receptor agonises on the esoked release ot
' Hinoradrenating in hippocampal shees superiased with 1 Krelss
butfer cantiming 1 4 M ol nisoxeting

Dy Concentration " Ratio 8, - 8,
L M

Controf ht} [ =02

SHT Kl 3 1231w -

(T n 8 1.04 =003

SOH-DPAT 0.l 10 L4 =inms

CPY3Y 14 3 1199 =142

t=2-DOI 1 I Liv=onl”

The agonists were introduced in the mediom X min before 5., all
agents rematming present an the superfusate until the end of superfu-
sion, Data are means = S EMG 1= number of experiments per group.
S P 000, using a twoetailed Stadent's f-test.

enhanced the evoked release of [*H]noradrenaline (Fig.
43, This effect, however. was not blocked when | M
of the 5-HT, receptor antagonist ondansctron was
introduced before §, and maintained throughout su-
perfusion (data not shown), It wis thus deemed out of
the scope of the present study to investigate further
this effect. Nonetheless, it is noteworthy that ( £)-DOI
probably remained selective for 5-HT., and 5-HT,.
receptors at 1 p M since this is under 100-fold dbove
K, (5-HT..: pK, =78 5-HT,: pK,=77: Huoyer,

ey

05 |

FRACTIONAL RELEASE (RATIQ S/5)

o ! L2

CTL ondanselron (5)-zacopndg tropiselion
100 nM 10 ni 100 n}
belore S, tetora 5. belore 5.

gargautine b LN petere 5

Fig. 4. The effect of pavoxenne (1 gM) on the evoked release
of ['Hlnoradrenaling i hippocampal slices and its blockade by
the S.HT, receplor anlageaists ondansetron (5)kZacopride and
tropisetron. The antagonists were present before 5, and throughout
superfusion. Bata are means = 5.E.M. The number of experiments is
given at the bottom of euch column. * P < 0461, using o two-tailed
Student’s r«test comparing the paroxetine group with the ¢ontrol
group, ' P < O08, using 3 twoetdiled Student’s r-test comparing the
3-HT, receptor antigonists groups with the paroxetine group,
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1991} which is generally considered acceptable in re-
lease studies,

3.3, Effect of paroxetine and 3-HT, receptor antagonists
on the eroked release of writiated noradrenaline

The specific 3-HT reuptake inhibitor paroxetine was
added to the medium to test whether an elevation in
the synaptic availability of endogenous 5-HT would
alter the release of [*H]noradrenaline. Paroxetine (1
p M) introduced 8 min before §, enhanced by 38% the
clectrically evoked relense of [*Hinoradrenaline from
preloaded slices of hippocampus, without enhancing
the basal outflow of tritium. This effect was blocked by
adding throughout superfusion nanomolar concentra-
tions of the 5-HT, recceptor antagonists, ondansetron,
{8)-zacopride and tropisetron (Fig. 4),

The presence in the basal condition, of an endoge-
nous tone of 5-HT on the 5-HT, receptors modulating
[*Hnoradrenaline release, was tested with various con-
centrations of the 5-HT, receptor antagonists on-
dansetron, (S)-zacopride and tropisetron. None of
these receptor antagonists produced any significant
change in the spontancous or the clectrically cvoked
release of [‘Hlnoradrenaline at the concentrations
tested, although there was a 15%% decrease, albeit non-
significant, in the evoked release with 100 nM of (8)-
zacopride (Table 2).

34, Effect of 2-methyl-3-HT on a -adrenergic autorecep-
tors of noradrenaline terminals

The a.adrenoceptor antagonist potency of 2-
methyl-5-HT was tested, in paralle] with that of the
a-adrenoceptor antagonist idazoxan, against the in-
hibitory cffect of the as-adrenoceptor agonist UK-
14.304 on the evoked release of [*H]noradrenaline
from preloaded slices of the rat hippocampus (Fig. 5).
Since the presence of a noradrenaline reuptake blocker
is required for the assessment of the effect of 2-methyl-

Table 2

Effeet of the 5-HT, receptor antagonists, ondansetron, (8 )-zacopride
and tropisetron on the evoked release of ["Hinoradrenaline in hip-
pucampal slices

Drug Concentration n Ratio 5, /5,
(uM)

Control 10 1.02+0.07

Ondznsetron | 4 104 +0.08

Zacopride 0 4 105 +0.04
0.1 4 0.85 .03

Tropisetron 0.1 4 106+ 0.05

The antagonists were introduced in the medium 20 min before §,,
all agents remaining present in the superfusate until the end of
superfusion. Data are means +S.E.M.: # = number of experiments
per group.
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Fig. 5. Effect of idazoxan and 2-methyvi-5-HT on the UK-14.304-
mediated inhibition of the evoked release of ['H]noradrenaline in
hippocampal slices superfused with u Krebs buffer containing | g M
of nisoxetine. The aj-adrenoceptor agonist UK-13.304 01 M wins
intre duced in the medium 20 min before the second stimulition €5, )
while the as-adrenoceptor antagonist idazoxan and the 50T, -
nist 2-methyl-5-HT were introduced 20 min before the first stimula-
tion {8} all agents remaining present in the superfusate untit the
end of superfusion, Data are means + 8, E.M. of five experiments in
wich group. ¥ P <05, *7 P <01, using a two-tailed Student's
-1ust,

5-HT. the inhibitory effect of UK-14.304 was tested in
the absence and in the presence of | aM of nisoxetine,
As expected, elevation of noradrenaline in the bio-
phase induced by nisoxetine decreased the efficacy of
UK-14.304 introduced 20 min before 5, to inhibit the
evoked release of [*Hlnoradrenaline (Fig. 5). Com-
pared to control §,/§, ratios, 1 uM of UK-14.304
produced 83% and 70% inhibition in the ebsence und
in the presence of nisoxetine, respectively.

The evoked release of [*Hlnoradrenaline was in-
creased in the presence of 1 pM of idazoxan (control:
S, =30£02%, n=735; idazoxan: §;, =146 £ 187, n
= 5) as well as in the presence of 100 M of 2-methyl-
5-HT but to a much lesser degree {control: §, = 2.1 +
0.2%, n=35; 2-methyl-5-HT: §, =31 +0.17%. n =35
When 1 pM idazoxan was added 20 min before S,
until the end of the superfusion. the §./5, ratio was
0.86 + 0.06 (n =3). The addition of UK-14,304 inhib-
ited by only 34¢% the evoked release of [*Hlnoradrena-
line in the presence of idazoxan, indicating an cffective
block of the a,-adrenergic autorcceptors, The pres-
ence of 2-methyl-5-HT in the same condition did not
attcnuate the inhibition by UK-14,304 of the evoked
relcase of [*Hlnoradrenaline. In fact, the inhibition
produced by UK-14,304 was slightly increased from
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707 to 887 {basal ratio with 2-methyl-3-HT added
hefore S, and present throughout: 8,/8, = 113 & i,
n=3)

The 2-methyl-5-HT was also tested in the condition
where there is no autoinhibition of noradrenaiine re-
lease through e-adrenergic gutoreceptors. Previous
studies have shown that electrical stimulations using 4
pulses at 100 Hz (pscudo-one-pulse) elicit no autoinhi-

bition of noradrenaline release, even in the presence of

a4 noradrenaline reuptake inhibitor (Zier et al., 1988},
These results could be replicated in our superfusion
system. In the standard conditions (stimulation at 3 Hz
during 2 min in the presence of 1 gM of nisoxetine), 1
gM of the a -adrenoceptor antagonist idazoxan added
20 mtin before §. produced a 3007 increase in the
evoked release of ['Hlnoradrenaline (control: §./5, =
0.94 £0.06, n =4 idazoxan: §,/5, =380 =010, n =
4). When the pseudo-one-pulse stimulations were used
{in the presence of 1 uM of nisoxetine) the evoked
release of ["H]norudrcnalinc (5,) was on average 0.64
+ 005 (i =128), and the introduction of 1 &M of
idazoxan 20 min before 8. did not facilitate the evoked
release (control: 5./5, = 116 £ 014, n = 6: iduzoxan:
S./8, = LI9£ 010, n=3) In contrast, the presence
of 1 uM of the a,-adrenoceptor agonist UK-14.304 20
min before the second pseudo-one-pulse produced its
usual inhibitory effect feontral; 5./5, = 0.86 = 008, »
=5 UK-14304: §./5, = 004 £ 002, 2 = 4). Most im-
portantly, 100 g M of 2-methyl-3-HT introduced 8 min
before the second psceudo-one-pulse produced a 7577
enhancement of the evoked release of [*H]noradrena-

. contt!
O srowr

FRACTIONAL ACLEASE (AATIO 5J5)
o

10 ) 100
2.CH,-5:-HT (uM)
Fig. 6. Effect of 5.7-DHT lesions of the 3-HT fibers on the 2-methyl-
S-HT-mediated  enhancement of the evoked release of ['H)-
noradrenaline in hippocampal slices superfused with a Krebs bufler
containitg 1 oM of nisoxeting, The tunin 5.7-DHT was injected iy,
as well s injected in the dJorsal and the median raphe 3 weeks
before the experiments. Data are means = 5.E. M. The number of
experiments is given within each data point.

ine feontrali X./85, =071+ 007, 2 =4 2Zmethnl-5-
HT: 8.8 = L2 =k =40 P2,

33 Effect of fesioning 5-HT newrons on the caluance-
ment of croked release of writivied  noradrenaline by
Jomethvl3-HT

Tie lesioning of 3-HT neurons with the neurotoxin
ST-DHT was performed to assess whether the 2-
methyl-3-HT-mediated enhancemen? of the evoked re-
lease of [ *Hnoradrenaline was mediated by 5-HT neu-
rons, The results of Fig. 6 show that the effect of
J-methyvl-5-HT was still present in 53,7-DHT-pretreated
rats, Furthermore, i shift to the left of the concentra-
tion-response curve of 2-methyl-3-HT would have been
expected if the 5-HT receptors involved had become
supersensitive in response to the prolonged 5-HT de-
pletion induced by the lesions. The responsiveness of
the 5-HT, receptors modulating [*Hlnoradrenaline re-
fease was not enhanced since the concentration-cffect
refationship was unaltered {(Fig. 6).

4. Discussion

The present study demonstrates that S-HT, reeep-
tors facilitate noradrenaline release in various Jimbic
structures of the rat brain, namely, the hippocampus,
the hypothalemus and the frontal cortex. These results
ar: consistent with a previous study by Feuerstein and
Hertting (1986) in the rabbit hippocampus. The facili-
tatory effect of 3-HT receptor agonists on the electri-
cally evoked release of [*H]noradrenaline reported by
these authors was then attributed 1o the activation of
3-HT-M receptors, It is now generally accepted that
5eHT-M and 5-HT, are two denominations for the
sime receptor (Hover, 19900, However, the enhance-
ment of the evoked release of [PHjnoradrenaline from
preloaded slices of rabbit hippocampus by 3-CT in
Feuerstein and Hertting's study cannot be accounted
for by 5-HT, receptors since the pR; of 5-CT for
5-HT, receptors is only 4.1 (Hover, 1991, In the pres-
ent study the introduction of 3-CT into the supertusion
mediom 8 min before the second stimulation did not
alter the evoked release of [‘Hlnoradrenaline from rat
hippocampus slices (Table 1) Al present. we have no
definitive explanation for this discrepancy except for a
possible species ditference. At any rate. on the basis of
the negative result optained here with 3-CT. as well as
those obtained with 8-OH-DPAT and CP-93,129 (Tu-
ble 1) an implication of 3-HT, receptors in the modu-
lation of noradrenaline release in the rat hippocampus
can be ruled out, Finally, an enhancement in the
cvoked release of [*Hlnoradrenaline was also found
with (+)-DOI which is a 5-HT,, .. ligand t(Tuble 1),



2% B Mongean of af, 7 Furopean Journal of Phacmacologs 2360 (1003) 269279

The response is probably not mediated by 3-HT..
receptors since it was not obs: sved with 30 aM 5-CT,
which has moderate affinity for this site {(pA ;=62
Hover, 19900, Since ondansetron did not block this
effect of (+)-DOI. thus excluding any involvement of
the 5-H'T, receptors, it was deemed out of the scope of
the present study to further characterize this response.
Noncetheless, it is noteworthy that the effect of ( £)-DOI
in the present study does not concord with the results
of a recent in vivo microdialysis study where the admin-
istration of this drug decreased the release of endoge-
nous noradrenaline in the same brain area {Done and
Sharp, 1Y92),

An enhancement in [*H]noradrenaline release was
also observed with the 5-HT; agonist m-chlorophenyl-
biguanide. However, considering that this cffect was
not blocked by ondansetron nor by {(5)-zacopride and
that micromolar concentrations of this potent 5-HT,
receptor agonist (['HJGR67330 binding pK,=9.5; Kil-
patrick et al., 1990) were required, m-chlorophenylbi-
guanide at high concentrations probably does not act
through 3-HT, receptors to increase [*H]noradrenaline
release. It was intriguing that nanomolar concentra-
tions of r:-chlorophenylbiguanide failed to produce
any enhancement of [*H]noradrenaline release similar
to that of 5-HT and 2-mcthyl-5-HT. A previous report
by Kilpatrick et al. (19%) has shown that nanomolar
concentrations of mi-chlorophenylbiguanide depolarize
rat vagus nerve through 5-HT, receptors, an cffect
which is blocked by the 5-HT; receptor untagonist
ondansctron, Furthermore, the enbancing effect of
phenylbiguanide on dopamine release in the rat nu-
cleus accumbens is blocked by zacopride and on-
dansetron (Chen et al,, 1991). However, m-chlorophen-
ylbiguanide was found to be ineffective when tested on
5-HT, receptors mediating fast excitatory synaptic po-
tential in the rat amygdala (Sugita et al., 1992). In
addition. Steward et al. {1993) recently reported that
[*H)m-chlorophenylbiguanide displays specific binding
in hindbrain nuclei of the rat (nucleus tractus solitar-
jus. arca postrema and dorsal motor nucleus of the
vagus nerve) stmilarly to other 5-HT, ligands such
as [*HI(S)-zacopride. But. in contrast to [*HIS)-
zacopride. {*Hjm-chlorophenylbiguanide did not dis-
play any specific binding in forebrain arcas of the rat
(c.g. cerebral cortex, hippocampus, amygdala). Hence,
further studies are required to determine whether there
is intraspecies heterogeneity of 5-HT, receptors, as it
may appear from the above.

The present finding of an enhancement of the elec-
trically evoked release of [*HInoradrenaline in the rat
hypothalamus by 2-methyl-3-HT is discordant with the
results of Blandina et al. (1991} who found the oppo-
site with potassium-¢evoked release of endogenous no-
radrenaline in the same brain region of this species.
Three possibilities can be envisaged to account for this

discrepancy. First. they used potassium while we used
electrical pulses o evoke the release of neurotransmit-
ter. Second, contrary to the release of preloaded triti-
ated aeurotransmitters. the release of endogenous neu-
rotransmitters reflects the contribution of newly syn-
thesized neurotransmitter, However. although these
two factors could account for a gquantitative difference
in the amplitude of 2-methyl-5-HT modulation, they
can hardly explain a qualitative difference. i.e. an inhi-
hition instcad of a facilitation. Another difference that
could account for the discrepancy is the fact that the
monoamine oxidase inhibitor pargyline was used in the
experiments of Blandina et al. (1991) to prevent the
degradation of noradrenaline. Pargyline prevents not
only the degradation of noradrenaline, but also that of
5-HT and dopamine uand conscquently elevates the
concentration of these neurotransmitters in the bio-
phase. Thus, this concurrent and sustained clevation of
the levels of 5-HT, noradrenaline, and dopamine may
huve contributed to decrease the evoked release of
endogenous noradrenaling, It would thus be interesting
to study the 5-HT; modulation of endogenous nor-
adrenaline release using a selective noradrenaline re-
uptake blocker rather than a monoamine oxidase in-
hibitor.

It was conceivable that the ¢nhancing effect of 2-
methyl-3-HT in the present study could have been due
to an antagonistic action of this drug &t a,-adreaergic
autoreceptors given the negative feedback role they
exert on noradrenaline refease. It was thus deemed
crucial to test this possibility. The effect of UK-14.304
and idazoxan were tested in the presence of nisoxetine,
The smaller effects of these a.-adrenergic agents in
the presence of nisoxetine, compared to those in the
control condition, most likely resulted from a competi-
tion with the increased endogenous noradrenaline in
the biophase induced by noradrenaline reuptake block-
ade. Nonetheless, the results clearly indicate the inabil-
ity of 2-methyl-3-HT, contrarily to idazoxan, to block
the agonistic effect of UK-14,304 at terminal e .-auto-
receptors. In fact, the inhibitory action of UK-14,304
on [*H]noradrenaline release was even greater in the
presence of 2-methyl-5-HT. This enhancement of the
effect of UK-14.304 could possibly be related to the
increased release of [*H]noradrenaline in the presence
of 2-methyl-5-HT which could have allowed a greater
amplitude of negative modulation. A second argument
against an antagonistic action of 2-methyl-3-HT at a,-
autoreceptors is the fact that this drug still produced
its enhancing effect in an autoinhibition-free environ-
ment using pscudo-one-pulse experiments,

Although the experiments with the selective 3-HT
reuptake blocker paroxetine clearly indicate an activa-
tion of 5-HT, receptors by clevated levels of endoge-
nous 5-HT, a tonic action of this neurotransmitter was
not apparent under basal conditions. Indeed. the 5-HT,
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receptor antagonists ondansetron, (§)-zacopride ind
tropisetron did not decrease by themselves the evoked
release of [*H]noradrenaline (Table 2). However. one
should be cautious in interpreting a lack of apparent
endogenous tone from results obtained in vitro. For
instance. in vivo results indicating an endogenous tone
of noradrenaline on a.-adrenergic heteroreceptors on
5-HT terminals are at variance with in vitro studies
reporting either a weak or no endogenous tone at this
level (see Mongeau ¢t al.. 1993 for a review).

The question of whether the responsiveness of the
5-HT,; rcceptors modulating the evoked releasc of
(*H]noradrenaline decreased following prolonged ago-
nist stimulation was also considered. Many reports
have indicated the occurrence of a rapid desensitiza-
tion of 5-HT, receptors in different preparations
{Fozard et al., 1979; Ircland and Tyers, 1987; Yakel
and Jackson, 1988; Sugita et al., 1992). In the guineca
pig frontal cortex and hypothalamus, 2-methyl-5-HT
was reported to enhance the evoked release of [THIS-
HT from preloaded slices when introduced in the
medium 8 min, but not when added 20 min, before the
second stimulation period (Galzin and Langer. 1991;
Blier and Bouchard, 1993). The agonist 2-methyl-5-HT
was thus tested under identical conditions. No decre-
ment in its effectiveness in increasing [*H]noradrena-
line relcase was observed after 20 min of exposure
compared to the 8 min exposure, indicating that a
desensitization does not occur within this time period.
It is noteworthy that a similar absence of desensitiza-
tion of 5-HT, receptors has been reported in the
modulation of dopamine release in the rat striatum
(Blandina et al,, 1989), Thus, it might be urgued that
the 5-HT; receptors modulating the release of cate-
cholamines are different, albeit maybe only slightly so,
from those modulating 5-HT release. Indeed, Yakel et
al, (1992) using cloned 5-HT; receptors have shown
that a single amino acid substitution is sufficient to
produce marked changes in desensitization kinetics.
Alternatively, the differences between the two recep-
tors might be explained by intracellular factors. For
instance, 5-HT; receptor desensitization is accelerated
in the presence of agents, such as the adenylate cyclase
activator forskolin or the phosphodiesterase inhibitor
isobutylmethylxanthine. which increase cAMP levels
{Yakel, 1992).

Considering that the activation of the 5-HT, recep-
tors enhances the release of 5-HT {(Galzin and Langer,
1991; Blier and Bouchard, 1993), it was theoretically
possible that the enhanced evoked release of [PHJ-
noradrenaline observed herein following exposure to
5-HT, receptor agonists was indirectly mediated by
5-HT neurons. This eventuality was thus tested by
lesioning 5-HT neurons with the neurotoxin 5,7-DHT.
No change in the potency of 2-methyl-5-HT to enhance
the evoked release of [*H]noradrenaline was observed

in the 5.7-DHT-pretreated rats. indicating that 5-HT
fibers are not necessary for the occurrence of this
effect. Similar results were also vbtained for the 3-HT,
receptors that modulate the release of dopamine (Chen
et al., 1991). A further objective of the 5.7-DHT lesions
was to assess whether the 5-HT, receptors modulating
{*H]noradrenaline release become supersensitive fol-
lowing long-term 5-HT depletion. Microiontophoretic
applications of 5-HT and 2-methyl-3-HT produce a
suppressant effect on the firing activity of prefrontal
cortex pyramidal neurons {Wang et al.. 1992). The
current-response of this effect was shown to be shifted
to the left after 5,7-DHT lesions, indicating a supersen-
sitivity of the 5-HT, receptors following chemical den-
ervation of the 5-HT fibers (Wang et al.. 1992). Such
an adaptive phenomenon was not observed for the
5-HT; receptors that modulate the release of
[*H]noradrenaline after a similar denervation (Fig. 6).
The reason might be that the endogenous tone of 5-HT
on these receptors is rather weak or ubsent, as dis-
cussed above.

Although the results of the present study show that
the 5-HT, receptors which modulate {*H]noradrena-
line release are not located on 5-HT., no information is
yet available about the localization of these receptors.
A recent report (Kidd et al., 1993) indicates that the
binding of [*HY($)-zacopride to 5-HT, receptors is not
affected by a noradrenaline denervation. suggesting
that the effects of 5-HT, ligands on noradrenaline
release are not attributable to heteroreceptors on nor-
adrenergic neurons. However. only experiments using
isolated noradrenergic nerve endings (i.e. in synapto-
somes) could reliably resolve this issuc,

In conclusion, the presence of facilitatory 5-HT,
receptors modulating the release of noradrenaline in
the rat hippocampus, frontal cortex and hypothalamus
was documented. Physiological relevance of these re-
sults obtained with 2-methyl-5-HT and exogenous 5-HT
was indicated by the demonstration that ¢ndogenous
5-HT, obtained by blocking 5-HT reuptake, can elicit a
facilitating effect on 5-HT, receptors. The responsive-
ness of these receptors is not affected by short-term
agonist exposure, nor by long-term 3-HT depletion. It
would be interesting to determine if the sensitivity of
these 5-HT, receptors is ajtered by long-term antide-
pressant treatments that increase the synaptic avaifabil-
ity of 5-HT.
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VI

Fifth article

The 5-HT3 receptors that enhance the release of [3H]NA being fully characterized
in the rat hippocampus, it was possible to assess the effect of long-term antidepressant
treatments on the sensitivity of these receptors. It is noteworthy that this is the first study
tnat has ever addressed this issue. Concentration-effect curves with the agonist 2-methyl-
5-HT were generated to assess the sensitivity of these 5-HT3 receptors following long-
term treatments with antidepressant drugs of various classes: a reversible type A MAOI,
selective NA or 5-HT reuptake inhibitors, and TCAs. Our working hypothesis here was
that long-term treatments with antidepressant drugs that increase the synaptic
concentration of 5-HT would desensitize the 5-HT3 receptors that enhance the reiease of
NA.

This article entitled "Effect of long-term administration of antidepressant drugs
on the 5-HT3 receptors that enhance the electrically evoked release of
[3H)noradrenaline in the rat hippocampus” by myself, Claude de Montigny and Pierre
Blier was in press in the European Journal of Pharmacology at the moment of completing
this thesis.
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Abstract

The present study investigated the effects of various classes of antidepressant drugs {10 mg/kg/day, s.c. during 21
days) on the electrically evoked release of [3H]noradrenaline and on its modulation by the 5-HT3 receptor agonist 2-
methyl-5-hydroxytryptamine (2-methyl-5-HT) using preloaded rathippocampal slices. Treatments with either fluoxetine,
a selective serotonin (5-HT) reuptake inhibitor, or moclobemide, a reversible type A monoamine oxidase inhibitor,
increased the evoked release of [*H]noradrenaline. These two antidepressant treatments did not change, however, the
magnitude of the enhancing effect of 2-methyl-5-HT on the electrically evokedrelease of [PH)noradrenaline, Desipramine
produced a much larger increase of the electrically evoked release of [?H]noradrenaline than fluoxetine or moclobemide,
and desensitized the 5-HT3 receptors that modulate this release. Trimipramine, which like desipramine has a tricyclic
structure but does not block the reuptake of noradrenaline or that of 5-HT, did not increase the evoked release of
[3H)noradrenaline and did not desensitize the 5-HT3 receptors that enhance the release of [FPH]noradrenaline, Maprotiline,
a selective noradrenaline reuptake inhibitor, did not produce the same changes as desipramine, but maprotiiine inhibited
noradrenaline reuptake to a lesser extent (50%) than desipramine (80%). These results suggest that the high potency
noradrenaline reuptake blocker desipramine desensitizes 5-HT3 receptors modulating [3H]noradrenaline release, but that
this effect is not common to all antidepressant drugs.

Key words: Antidepressant drugs; Desipramine; Fluoxetine: Maprotiline; Moclobemide; Trimipramine; 2-Methyl-5-
hydroxytryptamine; 5-HT (5-hydroxytryptamine}; Reuptake inhibition; Hippocampus; Presynaptic modulation.

1. Introduction

The primary effect of many antidepressant drugs is
toprolong the synaptic action of noradrenaline and serotonin
(5-HT) (Maitre etal., 1975, Wong et al., 1975; Ross and
Renyi, 1977; Blackburn et al., 1978; Hyn:el, 1982;
Waldmeier et al., 1982; Thomas et al,, 1987). A critical
issue that needs to be resolved in order to fully understand
the mechanism of action of antidepressant drugs is whether
they can altet interactions between the noradrenergic and
the serotonergic systems, It was therefore deemed impor-
tant to investigate the effect of long-term antidepressant
drug treatments on 5-HT recepiors modulating
noradrenaline release. We recently reported that 5-HT, 2-

methyl-5-HT (a5-HTareceptoragonist), and 5-HT reuptake
inhibition enhance the electrically evoked release of
[3H]noradrenaline in the rat limbic system, effects which
are blocked by 5-HT1 receptor antagonists (Mongeau et
al., 1994a).

It is noteworthy that the 5-HT1 receptor agonist m-
chlorophenylbiguanide was also found to enhance the
electrically evoked release of [3H]noradrenaline, but this
effect occurs at concentrations well above the affinity of
this drug for 5-HT1 receptors and is not blocked by 5-HT3
antagonists (Mongeauetal., 1994a; Schlickeretal., 1994).
This enhancing effect of m-chlorophenylbiguanide was



shown 1o be mediated by oz-adrenergic autoreceptors
(Schiicker et al., 1994), Although 2-methyl-5-HT has a
weak affinity for o2-adrenergic binding sites (Schlicker et
al,, 1994), its enhancing on the electrically evoked release
of [3H]noradrenaline in the rat hippocampus does not
involve az-adrenergic autoreceptors. Indeed, 2-methyl-5-
HT did not block the inhibitory effect of an az-adrenergic
autoreceptor agonist and displayed its usual enhancing
effectin conditions where there is no autoinhibion through
az-adrenergic autoreceptors (Mongeau et al., 1994a).

Electrophysiological studies have shown thationg-
term treatments with selective 5-HT reuptake inhibitors or
monoamine oxidase inhibitors enhance the efficacy of the
electrical stimulation of the 5-HT pathway in suppressing
the firing activity of rat hippocampus pyramidal neurons
(Blierand de Montigny, 1994). Incontrast, treatments with
monoamine oxidase inhibitors donotchange the suppress-
ing effect of the stimulation of the noradrenergic pathway
on these neurons (Blier et al., 1986}. Superfusion experi-
ments carried out in the guinea-pig hippocampus have
shownthatlong-term treatments withamonoamine oxidase
inhibitor or a selective 5-HT reuplake inhibitor increase
the electrically evoked release of [H]5-HT (Blier and
Bouchard, 1994), Furthermore, the increase in rat brain 5-
HT concentrations is higher following long-term than
following acute administration of monoamine oxidase
inhibitors (Blier etal., 1986). These findingsare consistent
with the fact that, at the beginning of a treatment with a
monoamine oxidase inhibitor, there is a decrease in the
firing rate of 5-HT neurons, but upon long-term adminis-
tration, the firing activity of these neurons progressively
normalizes and there ensues a net increase in 5-HT
neurotransmission (Blier et al., 1986). A recent
microdialysis studyhasshown that along-term monoamine
oxidase inhibitor treatment increases 10 a much greater
eaient the release of noradrenaline in the rat frontal contex
than an acute monoamine oxidase inhibitor treatment,
despitesimilardegrees of enzyme inhibition being achieved
(Finberg et al., 1993). Contrary to the increased 5-HT
neurotransmission, however, theincrease innoradrenaline
release following long-term monoamine oxidase inhibi.
tors appears inconsistent with the fact that the firing
activity of locus coeruleus noradrenergic neurons is stead-
ily decreased by along-term monoamine oxidase inhibitor
treatment (Blier and de Montigny, 1985).

The changes in 5-HT release induced by long-term
treatments with monoamine oxidase inhibitors and selec-
tive 5-HT reuptake inhibitors might alter secondarily the
release of noradrenaline. However, the occurrence of such
modulation would depend on the sensitivity of 5-HT
receptors modulating the release of noradrenaline being
unaltered by these antidepressant treatments. Recent data
from our laboratory have shown that 5-HT3 receptors
exerting apositive feedback on 5-HT release in the guinea-
pig hippocampus desensitize during a long-term treatment
a selective 5-HT reuptake inhibitor (Blier and Bouchard,
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1994). It was thus deemed crucial to test whether the
sensitivity of the 5-HT3 receptors that enhance the release
of [*H]noradrenaline can be altered by any of the major
classes of antidepressant drugs. The following drugs were
studied: 1) fluoxetine as a selective 5-HT reuptake inhibi-
tor (Wong et al., 1975); 2) moclobemide as a reversible
type Amonoamine oxidase inhibitor (Baldwin and Rudge,
1993); 3) desipramine as a tricyclic antidepressant drug
that blocks noradrenaline reuptake (Glowinski and Axelrod,
1964); 4) wrimipramine as a tricyclic antidepressant drug
devoid of noradrenaline- and 5-HT-reuptake blocking
properties (Randmp and Braestrup, 1977; Hyttel, 1982);
and 5) maprotiline as a selective noradrenaline reuptake
inhibitor (Maitre et al., 1975). The zbove drugs have been
shown to have comparable antidepressant efficacy in
clinical trials (Pecknold et al., 1985; Cournoyer et al.,
1987; Laux et al., 1989; Bowden et al., 1993; Judd et al.,
1993; Williams et al., 1993).

2. Materials and Methods

2.1 Treatments

Male Sprague-Dawleyrats (175-200 g), maintained
on a 12:12 h light-dark cycle with free access to food and
water, were treated for three weeks with saline or 10 mg/
kg/day of either fluoxetine, moclobemide, desipramine,
trimipramine or maprotiline using osmotic minipumps
(Alzet) implanted subcutaneously. These minipumps were
removed under halothane anesthesia 48 h before the
superfusion experiment to allow elimination of the drugs.

In the [3H]noradrenaline uptake experiments, rats
(250-275 g) were treated for 2 days with saline or 10 mg/
kg/day of either desipramine or maprotiline using osmotic
minipumps (Alzet} implanted subcutaneously. The
minipumps containing the drugs were Ieft in place at the
time of sacrifice.

2.2 Superfusion experiments

Rats (350-375 g) were sacrificed by decapitation
and theirbrainimmediately removed and rapidly dissected
on an ice-cold glass plate. Slices 400-pum thick from the
hippocampus (about 3 mm? in surface) were prepared
using aMcllwain chopperandincubated for 30minat37eC
in Krebs buffer containing 0.1 uM [3H]noradrenaline
(specific activity 15 mCi/mmol) and bubbled with a mix-
ture of 95% 02/ 5 % COx. The composition of the Krebs
buffer in mM concentrations was: NaCl 118, KCl 4.7,
CaCl2 1.3, MgClI; 1.2, NaH2PO4 1, NaHCO3 25, glucose
11.1, Na2EDTA 0.004 and ascorbic acid 0.11. At the end
of the 30-min [*H]noradrenaline uptake period, the slices
were washed in Krebs buffer to remove the free
[*H]noradrenaline, and thenthree slices of the hippocampus
were transferred into each glass chamber (volume 1.85ml)
and superfused at rate of 0.5 ml/min with oxygenated
Krebs buffer maintained at 37°C. Nineteen consecutive 4-
min fractions were collected starting 60 min after the



beginning of superfusion. The slices were stimulated
twice, at 8 min (S1) and at 56 (£23 fiui, after the end of the
washing pericd. The elcctrical field generated in the
chambers betwe=r: the two platinum electrodes (2 cm
apart) had a voltage drop of about 5 V/cm. The folluwing
stimulation parameters were used: 20 mA, 2 ms, 3 Hz for
2 min. The first stimulation period (31) was alwavs used as
control and 2-methyl-5-HT (10, 30, 100 pM) was added 8
min before Sz and remained present until the end of the
experiment. Nisoxetine, a selective noradrenaline reuptake
inhibitor {Fuller et al., 1979), was present throughout
superfusion period to avoid the displacament of
[BH]noradrenaline from noradrenaline terminals by 2-
methyi-5-HT. At the end of the experiments, the slices
weae solubilized in 0.5 mi of Soluene 350 and the radioac-
tivity in the slices and superfusate samples was determined
by liquid scintillation spectrometry using 5 ml of Ready
Micro at 50 % efficiency using a Beckinan LS 1600 coun-
ter. Between 8 and 19 experiments were performed in
individual superfusion chambers for each concentration of
2-methyl-5-HT and 4 10 6 animals were used (o generate
each concentration-effect curve, The amount of tritium
released per 4-min sample was expressed as a fraction of
the total tissue tritium content at the onset of the respective
collection period. The overflow of tritium produced by the
electrical stimulation was calculated as the total increase
in radioactivity above the basal outflow of tritum deter-
mined in the sample immediately preceding the onset of
stimulation. Toassess the drug-induced changes of electri-
cally evoked release of tritium from the slices preloaded
witn [*Hjnoradrenaline, $2/S) ratios were calculated, and
B2/B, ratios were also calculated to determine whether the
drugs had altered the basal outflow of radioactivity.

2.3 Uptake experiments

Hippocampal slices were prepared as for superfusion
experiments and pre-incubated for 3 min at 37°C in Krebs
buffer. After the pre-incubation period, [3H]noradrenaline
was added at a final concentration of 20 nM. Following a
3 min incubation period, uptake was terminated by trans-
ferring the slices to 5 ml of ice-cold buffer, and they were
then solubilized in 0.5 ml of Soluene 350. Parallel experi-
ments were carried out at 0cC as controls for passive
diffusion. Radioactivity in the slices and in the incubation
medium was determined by liquid scintillaticn
spectroscopy. Altexperiments were performed 3to4 times
and the amount of tritium actively captured by the tissue
{Ca)was calculated according to the formula Ca=Cr-Cp,
where Ct and Cp are the tissue/ medium ratios of
[3H]noradrenaline at 37¢C (total) and 0oC (passive), re-
spectively. The percentage inhibition was calculated by
comparing the Ca values obtained in the slices prepared
from the control and treated rats,

2.4 Statisticai analyses

All results are expressed as means + 5.E.M. Possi-
ble differences in mean evoked release (Si) between
treated and control groups were tested with the two-tailed
Student’s f test. A two-way ANOVA was used to compare
the concentration-effect curves for 2-methyl-5-HT in sa-
line and drug treated groups, concentration and treatment
being the two factors. The results of the reuptake experi-
ments were analysed with the two-tailed Student’s ¢ (est.
Probability (P) vatues smaller than 0.05 were considered
as significant.

2.5 Drugs

The following drugs were used: 2-methyl-5-HT and
maprotiline {Sigma Chemicals, St-Louis, MO, USA},
[*H]noradrenaline HC] (NEN, Mississauga, Ont., Can.),
fluoxetine HC! (Eli Lilly, Indianapolis, IN, USA),
moclobemide (Hoffman-L.a Roche, Basel, Switzetland),
desipramine (RBI, Natick, MA, USA), trimipramine
bismaleate (Rhéne-Poulenc, Montréal, Can.), nisoxetine
(Eli Lilly, Indianapolis, Ind, USA).

3. Results
3.1 Effects of long-term fluoxetine, moclobemide and
desipramine treatments

In a first series of experiments, the effect long-term
inhibition of monoamine oxidase A with moclobemide
(Baldwin and Rudge, 1993), or long-term blockade of the 5-
HT reuptake carrier with fluoxetine (Wong et al., 1975)
using 10 mg/kg/day x 21 days of either drug was assessed
for their effects on the evoked release of [3H]noradrenaline
and its modulation by 5-HT3 receptor activation. The
minipumps containing the drugs were removed 48 h before
the experimentsto allow elimination of the drugs. As shown
in Fig. 1, there was a smaill but significant increase of the
electrically evoked release of [*H]noradrenaline (S1) from
rat hippocampal slices after either the fluoxetine or
moclobemide treatments. The enhancing effects of these
long-term treatments were of about the same amplitude, i.e.
16 % with fluoxetine and 18 % with moclobemide. How-
ever, the basal outflow of radioactivity (B1) was not altered
by these treatments (fluoxetine: 1.47 £ 0.03 %, n =38 vs
saline: 1.44 +0.03 %,n= 38; moclobemide: 1.32 +0.02 %,
n =47 vs saline = 1.27 + 0.02 %, n = 47). The amount of
radioactivity recovered in slices at the end of the experi-
ments was slightly reduced in the moclobemide group
(moclobemide: 40.7 £+ 1.7 nC, n =47 vs saline: 46.8 + 1.4
rC, n=47; P <{.01), and similar to controls in the fluoxetine
group (fluoxetine: 33.3+ 1.8nC,n=38 vssaline: 34.9+2.4
nC, n=138).

It was previously shown that the activation of 5-HT»
receptors with the agonist 2-methyl-5-HT concentration-
dependently enhances the evoked release of
[*H]noradrenaline from rat hippocampal slices (Mongeau
etal,, 1994a), This effect was consistently reproduced in all



the groups of this series of experiments (Fig. 2). Indeed, 2-
methyl-5-HT introduced in the medium 8 min before Sz
produced asignificant concentration-dependentincrease in
the evoked release of [3H]noradrenaline without altering
the basal efflux of radioactivity. The mean percentage
increases in the S2/S; ratios produced by 10,30 and 100 puM
of 2-methyl-5-HT in the saline groups of this series of
experiments were, respectively, 15%, 30% and 47%. Long-
term treatment with either a drug that prolongs the synaptic
action of 5-HT, fluoxetine, or with one that increases the
neurcnal pool of 5-HT, moclobemide, did not alter the
magnitude of the effect of activating 5-HT3 receptorsonthe
evokedrelease of [PH]noradrenaline. Indeed, the potency of
the 5-HT> receptor agonist in the fluoxetine and the
moclobermide groups was similar to that in control rats run
in parallel (Fig. 2A, 2B).

In contrast, a long-term treatment with desipramine
(10 mg/kg/day x 21 days), a noradrenaline reuptake inhibi-
tor (Glowinski and Axelrod, 1964), considerably decreased
the effect of 30 and 100 pM of 2-methyl-5-HT to enhance
the evoked release [3H]noradrenaline (Fig. 2C). At these
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Fig. 1. Effect of long term treatments with 10mg/kg/day x 21 daysof either
fluoxetine or moclobemide on the release of tritium elicited by the
oloctrical stimuiation of hippocampsal slices preloaded with
[3H]noradrenaline superfused with & Krebs buffor containing 1 pM of
nisoxetine, Ordinate depicts the percentago of radjoactivity released by
360 pulses of 2 ma delivered at an intensity of 20 mA and a frequency of
3 Hz. Data arv expressed as mean + S.E.M of the number of experiments
indicated inside tho columns, * P < (.05, using the two-tailad Student's £
test.
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Fig. 2. Concentration-effect curves of 2-methyl-5-HT, introduced 8 min
befors 52 in a Krebs buffer containing § WM of nisoxetine, on the releass of
tritium elicited by the electrical stimulation of hippocampal slices prepared
from rats treated with saline or 10 mg/kg/day x 21 days of cither fluoxetine
{A), moclobemide (B) or desipramine (C). The circle and square symbols
represent experiments with salino-treated and dmg-treated rats, respec-
tively. Ondinate depicts the fraction of total tissus mdioactivity reicased by
360 pulses (20 mA, 2 ma, 3 Hz) expressed as the ratio (32/51) obtained
between the second period of stimulation in the presence of 2-methyl-5-HT
(52) and tho first one doae without this drug (S1). Each point represents the
mean + S.B.M. of the number of experiments which wee of 8-10 (A), 8.14
(B} and 9-19 (C). Two-way ANOVA revealed a significant effect (P <
0.001) for concentration for all the groups and a significant effect (P <
0.001) for the desipramins treatment.



two concentrations, there was respectively 44 % and 29 %
less enhancement in the desipramine group compared 10 tus
matched control group. Furthermore, 10 pM 2-methyl-5-
HT did not produce any significant effect in slices from rats
treated with desipramine(Fig. 2C). This decreased potency
of 2-methyl-5-HT in the desipramine group was accompa-
nied with a large increase (77%) in the evoked release of
[*Hlnoradrenaline in S; (Fig. 3). However, this treatment
did not change the spontaneous outflow of radioactivity
(desipramine: 1.14 + 0.03 %, n =57, saline; 1.16 + 0.03 %,
n=>57),butdecreased the amountof radicactivity recovered
inthe slicesatthe end of the experiments (desipramine; 42,8
+1.8nC,n=57 vssaline: 51.3 + 1.3nC,n=57; P<0.001).

Before concluding an attenuated sensitivity of the 5-
HT3 receptors, it was considered essential to determine
whether such a large increase in the evoked release of
[3H]noradrenaline could interfere with areliable analysis of
the effect of 2-methyl-5-HT by prolonging the time during

601 '
- ]
6 l
s 80
J
E
L
L 404
0
i 1 |
P l
¢
W30 1
w
T
i
Z 20
Q
-
:
E 10
X

7 5 3% 35
safne  desipramine sdine  maprotiine

Fig. 3. Effect of long-term treatments with 10mg/kg/day x 21 days of either
desipramine or maprotiline on the release of tritium elicited by the electrical
stimulation of hippocampal slices preloaded with [3H]noradrenaline
superfused with a Krebs buffer containing ! pM nisoxetine, Ordinate
depicts the percentage of radioactivity releassd by 360 pulses 20mA, 2ms,
3 Hz), Data are oxpresied as mean 1 S.E.M. of the number of experiments
indicated inside the cotumns. ® P < 0,001, using the two-tailed Student's ¢
test.

5

which the release process occurs. Considering that the
overflow of [3H]noradrenaline is generally enhanced not
only in amplitude but alse in duration by 2-methyl-5-HT, it
was possible therefore that a large increase in the evoked
release would have caused an underestimation: of the en-
hancing effect of the 5-HT3 receptor agonist in the
desipramine group. Further experiments in desipramine
treated-rats were thus carried out and the overflow was
collected and analysed for 30 instead of 22 min after the first
and the second stimulation period. The S2/S) values ob-
tained were identical to those obtained with a 22 min
collection (data not shown), indicating that it is not neces-
sary to take into account the overflow of tritium sonetimes
present after the end of the 22-min period lo estimate
reliably the S2/S) values. More importantly, the decreased
potency of 2-methyl-5-HT after the desipramine treatment
was still observed in this condition. For example, when the
analysis of the overflow was camried out over a 22-min
period, 30 uM of 2-methyl-5-HT produced a 46 % increase
in the saline group and a 33 % increase in the desipramine
group, and analysing the overflow over a 30-min period
indicated similar increases, i.¢. 49 % and 34 % respectively.

3.2Comparisonofthe effectsof long-term trimipramine and
maprotiline treatments with that of desipramine

Otherlong-term antidepressant treatments were stud-
ied to determine whether antidepressant drugs sharing with
desipramine either a tricyclic structure or the property of
blocking noradrenaline reuptake would also desensitize the
5-HT3 receptors that modulate [*H]noradrenaline release.
First, trimipramine (10 mg/kg/day x 21 days) was studied
because this tricyclic antidepressant drug blocks neither 5-
HT nor noradrenaline reuptake (Randrup and Bracstrup,
1977; Hyttel, 1982). Second, the antidepressant maprotiline
(10 mg/kg/day x 21 days) was also studied since it is a
tetracyclic which selectively blocks noradrenaline reuplake
(Maitre et al., 1975).

Neither the trimipramine nor the maprotiline treat-
ment produced any changes in the evoked release or spon-
taneous outflow of [*H]noradrenaline (trimipramine: S =
3.73+£0.20,B1 = 1.35 £ 0.03 %, n= 34 vs saline: 51 =3.86
+0.21,B1=1.32 £0.04 %, n = 36; maprotiline: S, see Fig.
3,B1=1.0940.03 %, n= 35 vssaline: By = .05 £ 0.03 %,
n =35). The amount of yadioactivity recovered in the slices
of these two groups were also similar to their respective
controls (trimipramine: 43,9 +2.0nC,n=34 vs saline: 43.9
+1.8nC,n=36; maprotiline: 55.2 +2.4 nC,n=35 vssaline;
55.8 +2.2nC, n=35), The mean percentage increase in the
S2/S ratios produced by 10, 30 and 100 tM of 2-methyl-5-
HT in the saline groups was of 20%, 31% and 71%,
respectively, Neither trimipramine nor maprotiline altered
the effect of 2-methyl-5-HT on the evoked release of
(3H]noradrenaline. The concentration-effect curves of 2-
methyl-5-HT in the trimipramine and maprotiline groups
were not different from those of their matched controls
(Fig.4A and 4B).



Maprotiline was compared to desipramine for its
efficacy in blocking [3H]noradrenaline uptake. Two groups
of ratsreceived 10mg/kg/day for 2 days of either drug while
a third group received saline for the same period. The
minipumps containing the drugs were kept in the animals at
the time of sacrifice. As expected, both drug treatments
reduced, when compared to the saline group, the uptake of
[3H]noradrenaline in hippocampus slices (tissue / medium
ratios of tritium; desipramine: 0.33 + 0.10,.n=5; maprotiline:
0.83+0.18, n=75; saline: 1.57 + 0,13, n=5). However, the
degree of inhibition of [*H]noradrenaline uptake by the
desipramine treatment (80%) was significantly greater (P <
0.05) than that produced by the maprotiline treatment
(50%).
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Fig. 4. Concentration-cffoct curves of 2.methyl-5-HT, introduced 8 min
before $2 in a Krebs buffer containing 1 uM of nisoxetine, on the releass of
tritium elicited by the electrical stimulation of hippocampal slices prepared
from ratatreated withsaline or 10 mg/kg/day x 21 days of eitheririmipramine
(A) or maprotiline (B). The circle and square symbols represent experi-
ments with saline-treated and drug-treacted rats, respectively. Ordinate
Jepicts the fraction of lotal tissue radioactivity relcased by 360 pulses (20
mA, 2ms, 3 Hz) expressed as the ratio (52/51) obtained between the second
period of stimulation inthe presence of 2-methyl-5-HT (52) and the first one
done without this drug (S1). Each point represents the mean ¢ S.E.M. of the
number of experiments which were of 8-10 (A) and 8-10 (B). Two-way
ANOVA revealed a significant effect for concentration (P < 0,001) forall
the groups without any significant effect for treatment,

4, Discussion

Fluoxetine prolongs the synaptic action of 5-HT and
moclobemide increases the neuronal pool of 5-HT via the
inhibition of reuptake and monoamine oxidase, respec-
tively (Wongetal., 1975; Baldwin and Rudge, 1993). Long-
term treatment with these drugs did notchange the sensitiv-
ity of the 5-F13 receptors that enhance the release of
[3H]noradrénaiine in the rat hippocampus (Fig, 2). It is
interesting to compare these results with those of previous
studies which examined the interaction between the
noradrenergic and 'he 5-HT systems mediated through otz
adrenergic heteroreceptors of 5-HT terminals. Endogenous
noradrenaline tonically inhibits the release of 5-HT by
activating these heteroreceptors in the rat hippocampus
(Mongeau et al., 1993). Long-term inhibition of
noradrenatine re gptake or monoamine oxidase desensitize
these a2-adrenergic heteroreceplors, an effect that was
shown to result from a sustained increase in noradrenaline
synaptic concentration (Mongeau etal., 1994b). Contrary to
oz-adrenergic heteroreceptors, the 5-HTs receptor that
enhances the release of [3H]noradrenaline does not appear
tobe tonically activated by its endogenous neurotransmitter
under basal conditions. Two observations support this con-
tention: 1) 5-HT3 receptor antagonists do not decrease the
evoked release of [*H]noradrenaline; and, 2) 5-HT
denervation does not increase the sensitivity of the 5-HT3
receptors modulating [*H]noradrenaline release (Mongeau
et al., 1994a). Differences in levels of neurotransmitlers
normally present in the biophase of the presynaptic fibers
might account forthe factthat «z-adrenergic heteroreceptors
modulating 5-HT release, but not 5-HT3 receptors modulat-
ing noradrenaline release, desensitize following sustained
increase in the concentration of neurotransmitter acting at
these receplors.

Long-term treatments with moclobemide increased
the evoked release of [3H]noradrenaline from rat
hippocampal slices (Fig. 1). This observation cannot be
explained by an inhibition of monoamine oxidase at the
time of the experiment since moclobemide is a reversible
monoatning oxidase inhibitor and the minipump containing
the drug had been removed 48 hbefore the experiment. This
result is consistent with those of arecent microdialysis study
which showed that long-term inhibition of monoamine
oxidase A byclorgyline increases therelease of noradrenaline
in the rat frontal cortex more than an acute treatment with
thisdrug (Finberg etal., 1993). This increase in noradrenaline
release could not readily be explained by differences in the
degree nf monoamine oxidase inhibition as there was near
maximal inhibition of the enzyme afterboth acute and long-
term treatments (Finberg et al., 1993). Long-term changes
in the basic mechanisms of noradrenaline release have to be
consideredto explain the enhancing effect of moclobemide.
The prolonged increase in the synaptic concentration of
noradrenaline induced by moclobemide might have de-
creased the sensitivity of terminal w«z-adrenergic
autoreceptors and consequently increased the evoked re-



lease of [3H]noradrenaline. Toourknowledge,nosuperfusion
studies have yet directly assessed the effect of long-term
moclobemide on the sensitivity of terminal az-adrenergic
autoreceptors. Nevertheless, studies have shown that long-
term treatments with monoamine oxidase inhibitors in-
crease the release of [*H]noradrenaline but do not change
the sensitivity of the az-adrenergic autoreceptors in the
hippocampus (Campbell and McKeman, 1986; Palfreyman
et al., 1986; Blier and Bouchard, 1994). There is also the
possibility thatmore storage vesicles are released peraction
potential during long-term moclobemide treatment. How-
ever, this appears unlikely considering that the levels of
dopamine P-hydroxylase, an enzyme co-released with
noradrenaline, is normally reduced after long-term admin-
istration of monoamine oxidase inhibitors (Finberg et al.,
1993). An alternative hypothesis is that long-term changes
in 5-HT release induced by monoamine oxidase inhibitors
might have secondarily altered the evoked release of
[*H]noradrenaline. This possibility is suggested by the fact
that fluoxetine has produced asimilar increase intheevoked
release of [3H]noradrenaline (Fig. 1). Yet, this inhibitor is
highly selective for 5-HT reuptake. A recent study has
shown that long-term monoamine oxidase inhibitor or
selective 5-HT reuptake inhibitor treatments increase the
evoked release of [3H]5-HT in the guinea pig hippecampus
(Blier and Bouchard, 1994). It is noteworthy that these
effects were attributable to alterations of the sensitivity of
presynaptic receptors on 5-HT terninals rather than to the
acule actions of these drugs since the minipumps containing
the drugs were removed 48 h before the experiments to
allow elimination of the inhibitors (Blier and Bouchard,
1994), Furthermore, previous electrophysiological studics
in the rat hippocampus had documented an enhanced effi-
cocy of the elecirical stimulation of the $-HT pathway
following long-term, but not acute, treatments witl various
selective 5-HT reuptake inhibitors and monoamine oxidase
inhibitors (Blier and de Montigny, 1994). Such increases in
therelease of 5-HT induced by moclobemide and fluoxetine
treatments might have concomitantly enhanced the release
of [*H]noradrenaline through the activation of 5-HT
receptors, such as the 5-HT3 receptors that enhance the
release of [3H]noradrenaline.

A surprising finding was the reduced sensitivity of 5-
HT3 receptors modulating [3*H]noradrenaline release fol-
lowing the desipramine treatment (Fig. 2). The noradrenaline
reuptake blocker potency or the tricyclic structure of
desipramine might account for this effect, An action of
tricyclic antidepressant drugs at the 5-HT; receplors ap-
peared plansible considering that this class of drugs is
commonly known to down-regulate, for instance, 5-HT2
receptors in binding studies (Willner, 1985), We have thus
decided to test the effects of a long-term treatment with
trimipramine, a tricyclic antidepressant drug that does not
block the reuptake of noradrenaline (Randrup and Braestrup,
1977; Hytiel, 1982). This treatment did not change the
potency of 2-methyl-5-HT, indicating therefore that

7

desipramine was unlikely to have produced its effect on 5-
HT3 receptors by amechanism cormmon to tricyclic antide-
pressant drugs. We then considered the possibility that a
desensitization of 5-HT3 receptors which enhance the re-
lease of {3H]noradrenaline could be produced by other
antidepressant drugs that block the noradrenaline reuptake
carrier. Long-term treatments with maprotiline, a selective
noradrenaline reuptake inhibitor (Maitre et al., 1975), did
not change the sensitivity of 5-HT3 receptors modulating
[3H]noradrenaline release. Preliminary data have further
shown that long-term treatments with nomifensine, ancther
antidepressant drug that blocks noradrenaline reuptake, did
not alter the sensitivity of these receptors (data not shown).
Taken together, the above results suggest that the desensi-
tization of the 5-HTj receptors that enhance the release of
{*H]noradrenaline might not be a general preperty of anti-
depressant drugs that inhibit the reuptake of noradrenaline,
However, it cannot be excluded that the effect of
desipramine on these 5-HT5 receptors involved the
noradrenaline reuptake carrier. Indeed, desipramine pro-
duced a greater inhibition of noradrenaline reuptake thiun
did maprotiline (section 3.2). This result was consistent
with previous studies showing thatdesipramine hasa greater
affinity for the NA reuptake carrier than maprotiline (Kn
values of 0.97 nM for desipramine versus 8.4 nM for
maprotiline; Hyttel, 1982). There was also a large increase
in the evoked release of [*H]noradrenaline following the
desipramine treatment that was not present after the
maprotiline treatment {Fig. 3). The Iatter cffect of
desipramine might be linked with a thresheld level of
noradrenaline reuptake blockade not having been rcached
with maprotiline treatment in our experimental conditions.
A high degree of noradrenaline reuptake inhibition could
desensitize, for example, cither the reuptake sites them-
selves or the terminal az-adrenergic autoreceptors and
consequently lead to an enhancement of the evoked release
of [3H]noradrenaline. Indeed, there are autoradiographic
data showing that noradrenaline reuptake sites arg down-
regulated in the rat hippocampus following a long-term
treatment with desipramine (Bauer and Tejani-Butt, 1992).
Nevertheless, this down-regulation is not likely to be
responsible for thelarge enhancement in the evoked release
of [3H]noradrenaline since nisoxetine (a selective
noradrenaline reuptake inhibitor) was present in the
superfusion medium throughout experiments and should
have masked the effect of a desensitization of the reuplake
carrier. Consistent with the present data, other studies have
found an increase in the electrically evoked release of
(*H]noradrenaline in the rat brain afterlong-term desipramine
treatment (Schoffelmeer and Mulder, 1982; Campbell and
McKeman, 1986). However, no changes were generally
found in the sensitivity of the o:z-adrenergic autoreceptor 1o
the inhibitory action of exogenously applied noradrenaline
or clonidine (Schoffelmeer and Mulder, 1982; Campbell
and McKernan, 1986; Hollingsworth and Smith, 1991),



The decrease in the sensitivity of the 5-HT3 receptors
that enhance the release of noradrenaline associated with
the large increase in the release of this neurotransmitter
might be the consequence of an increased intraneuronal
concentration of calcium resulting from the desipramine
treatment, The facts that the exocytotic release of
noradrenaline has been postulated to involve intraneuronal
calcium (Jackisch et al., 1992) and that the sensitivity of
terminal 5-HT autoreceptors is reduced by high calcium
concentration (Starke et al., 1989), support this contention.
Itmight be argued that the desensitization of 5-HT3 receptors
isaphysiological mechanism thatcompensates for the large
increase in the basal release of noradrenaline induced by the
desipramine treatment. The efficacy of 5-HT in inducing an
increase in the neurona! depolarization evoked release of
noradrenaline would thereby be reduced by such a
homeostatic mechanism, It would be of interest to know
whether other drug treatments, such as amphetamine, that
produce large increases in noradrenaline release could alter
as well the sensitivity of the 5-HT3 receptors modulating
noradrenaline.

These results suggest that the high potency
noradrenaline reuptakeblocker desipramine desensitizes 5-
HTj3 receptors modulating [*H]noradrenaline release; how-
ever, this effect is not common to all antidepressant drugs.
In most cases, enhancement in the release of 5-HT induced
by antidepressant drugs could also change noradrenaline
release through normosensitive 5-HT3 receptors,
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VII-1

GENERAL DISCUSSION

The data of the present thesis provide new elements for the comprehension of the
physiology of NA and 5-HT systems in limbic brain areas such as the hippocampus. Ratherthan
being functionally isolated, these systems were shown to interact extensively through selective
adrenergic and 5-HT receptors. The first study revealed that the release of 5-HT is inhibited in
vivo by o2-adrenergic heteroreceptors located on 5-HT terminals. Evidence was provided
indicating that these receptors are tonically activated by endogenous NA in basal cc ‘itions.
Moreover, the fourth study suggested that the release of NA is facilitated by the activation of 5-
HT3 receptors. These receptors were shown not to be localized on 5-HT fibers. In fact, some
preliminary data suggest that these S-HT3 receptors could be heteroreceptors localized on NA
fibers because the enhancing effect of 2-methyl-5-HT was observed in hippocampal slices in
which the propagation of action potentials was blocked with tetrodotoxin (data not shown), as
well as in hippocampal pinched-off nerve terminals (P.J. Monroe, personal communication). It
also important to emphasize that these 5-HT3 receptors did not appear to be tonically activated
by endogenous 5-HT in basal conditions, albeit they were activated when the concentration of
this neurotransrnitter was raised by blocking the 5-HT reuptake carrier.

The presence of an inhibitory feedback mechanisminvolving terminal 5-HT1B or 5-HT 1D
autoreceptors has been well documented (section 5.1). In some rare conditions, such as when
depolarization is elicited with a single pulse, there is no autoinhibition of 5-HT release via these
autoreceptors!8, However, in most cases this negative feedback is operative even at low
frequencies of nerve depoiarization, or low synaptic concentraticas of 5-HT, and thus exerts a
precise and continuous control over the amount 5-HT released. The existence of an alternative
feedback mechanism might be put forward on the basis of the results of the present thesis (fig.
1). An increased NA output would be triggered by 5-HT3 heteroreceptors when the amount of
5-HT released from varicosities gets high enough to increase the concentration of this
neurotransmitter in the biophase of noradrenergic fibers. This would in turn enhance the tonic
inhibitory input of NA at ¢2-adrenergic heteroreceptors and, thereby, provide a negative
feedback on the release of 5-HT (fig. 1).

The existence of such a regulatory loop remains only hypothetical. Further experiments
would be required to determine if some aspects of 5-HT autoinhibition are impaired by
inactivating NA neurotransmission. Knowing that 5-HT autoreceptor antagonists increase the
evoked release of [3H)5-HT (in the presence of a SSRI)?, it would be of interest to verify if the
blockade of oi2-adrenergic heteroreceptors on 5-HT fibers could potentiate the enhancing effect
of 5-HT terminal autoreceptor antagonists. Methiothepin has the unique property, among various



terminal 5-HT autoreceptor antago-
nists, of substantially increasing
the evokedrelease of [3H]5-HT in
basal conditions (without a SSRI),
and this has been attributed to a
possible inverse agonism of the
drug at terminal 35-HT
autoreceptors2!. It might be postu-
lated, alternatively, that the pro-
pensity of methiothepin to increase
the release of 5-HT in basal condi-
tionsisexplained by the dval block-
ade of 5-HT terminal autorece ptors
and or2-adrenergic heteroreceptors
on 5-HT fibers as methiothepin
was shown to be a potent o2-
adrenoceptorantagonist!!, Inkeep-
ing with this view, the mere block-
ade of terminal autoreceptors in
basal conditions would not be suf-
ficiest to produce a netincrease in
the release of 5-HT, because the
momentary enhanced outputofthis
neurotransmitterresulting fromthe
blockade of autoreceptors would
trigger an enhanced output of NA
via 5-HT?3 receptors. This would
subsequently lead to a negative
feedback on the release of 5-HT
via o2-adrenergic heteroreceptors.

VII-2

[SHT)]

{SHT]

Fig. 1. Hypothetical regulatory loop involving
o,-adrenergic and 5-HT, heteroreceptors on
5-HT and NA varicosities.

Another way to verify the hypothetical physiological relevance of a regulatory loop
involving or2-adrenergic and 5-HT3 heteroreceptors would be to perform experiments following
lesions of NA fibers. We could verify whether the effect of increasing the frequency of nerve
terminal depolarization, by electrically stimulating either brain slices in vitro or the 5-HT
pathway in vivo, would decrease the release of 5-HT in NA-denervated rats asmuch asin controls.
The above hypothesis predicts that noradrenergic denervation would impair 5-HT autoinhibition
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mostly at high frequencies of terminal depolarization, i.e., when the biophase of 5-HT is high.
So far, the only clue that we have comes from the second study (with befloxatone), in which it
was shown that the efficacy of the stimulation of the 5-HT pathway, to suppress the firing activity
of CA3 pyramidal neurons, is markedly enhanced four weeks after a pretreatment with 6-OHDA.
However, these experiments would need to be reproduced with adequate control conditions
before reaching a definite conclusion.

It could also be useful to determine if the inhibition of the evoked release of [3H]5-HT by
exogenously applied 5-HT (in the presence of a SSRI)31 is altered by lesions of NA fibers. The
end of the concentration-effect curve (high concentration of 5-HT) would be expected to be
shifted to the right if a negative feedback mechanism mediated by NA is indeed important for
5-HT autoinhibition. A second topic of interest regarding the putative regulatory loop of figure
1 concerns the 5-HT3 receptors that enhance the release of 5-HT (see section 5.1). The
electrically-evoked release of [3H]5-HT was found enhanced when the SSRI paroxetine was
introduced 8 minutes before stimulating preloaded brain slices. This enhancement in the release
of [3H]5-HT, produced by endogenous 5-HT, was markedly diminished when paroxetine was
introduced 20 minutes instead of 8 minutes before the second stimulation. It was thus suggested
that the 5-HT3receptors mediating this enhancementrapidly desensitize through some intracellular
mechanism?. An alternative explanation could be that a prolonged activation by paroxetine of
the 5-HT3 receptors that enhance the release of NA (for 20 minutes, but not for 8 minutes)
sufficiently enhances the inhibitory input at ai2-adrenergic heteroreceptors, and thus counteracts
the facilitarory action of the 5-HT'3 receptors thatenhance the release of [3H]5-HT. This appears
possible inasmuch as the 5-HT3 receptors that enhance the release of NA do not rapidly
desensitize (fourth article). It would thus be of interest to determine if the time-dependent
decrease in the enhancing effect of paroxetine on the release of [3H]5-HT could be prevented
by lesions of the NA fibers.

The discovery that endogenous NA exerts a tonic inhibitory control over the release of 5-
HT via 02-adrenergic heteroreceptors in vivo provides an important insight into the behavioral
physiology of the NA and 5-HT systems. Indeed, it can be inferred that any variation in the NA
output will be reflected by parallel changes at the level of 5-HT output. As discussed earlier
(section 3.2), LC NA neurons increase their firing activity in response to noxious, stressful or
anxiogenic stimuli, resulting in an increased NA output in terminal brain areas. Itcan be assumed
that noradrenergic responses to environmental stimuli will, in turn, decrease the release 5-HT via
the activation of o2-adrenergic heteroreceptors on 5-HT terminals. The release of NA in
forebrain areas is thought to be important in the mediation of the facilitatory effects of arousal
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on various neuronal functions. For example, infused or synaptically released NA in rat
hippocampus have been shown to increase the exploration of a novel environment, and increase
hippocampal cells' responses associated with food rewards!9:27.28, Increased NA
neurotransmission also facilitates the acquisition of memory traces!3. On the other hand, a
particularly strong case was made for an inhibitory role of 5-HT on a variety of behavioral
responses. Indeed, evidence was provided indicating that low levels of 5-HT are associated with
a trend towards impulsivity and exaggerated stimulus reactivity30. 5-HT has been described as
a neurotransmitter selectively disengaging memory traces!4. Furthermore, Gray has reviewed
findings!3 supporting the notion that increases in 5-HT neurotransmission facilitate the activity
of the septo-hippocampal system to suppress behavioral responses leading to punishment. It
mightthus be argued thatthe NA and 5-HT systems have antagonistic actions on some behavioral
responses to the environment, In this regard, the tonic inhibitory input of endogenous NA at ¢t2-
adrenergic heteroreceptors mightrender the NA system unable to exerta continuous control over
the 5-HT behavioral inhibition system.

One salient biological correlate of the behavioral deficits produced by uncontrollable
chronic aversive events (e.g. foot-shocks) in the learned helplessness model of depression is the
depletion of NA in brain terminal areas. This phenomenon appears to have some psychological
ground because no depletions of NA are produced when chronic stresses, of equivalent duration
and intensity, are delivered to animals that are allowed to control the termination of the aversive
stimuli (e.g. by pressing a lever)33. One consequence of the depletion of NA would be to increase
the sensitivity of adrenergic receptors!9, We can suppose that this could also occur in human
depression as it was consistently found that high affinity o2-adrenoceptors are up-regulated in
platelets of depressive patients (for a review see24). Previous findings2 and the results of our first.
and second article with the denervation of the NA fibers with 6-OHDA suggest that the sensitivity
of the a2-adrenergic heteroreceptors is increased by a sustained NA depletion, Based on these
facts, it can be hypothesized that one etiotogical factor leading to depression is an up-regulation
of orz-adrenergic heteroreceptors on 5-HT fibers. If this interpretation is correct, an outburst of
NA inresponse toaversive events would decrease 5-HT neurotransmission in depressed patients
more than in healthy individuals because of the supersensitivity of a2-adrenergic heteroreceptors.
An indirect way to test this hypothesis would be to assess the responsiveness of o2-adrenergic

heteroreceptors to intravenous clonidine in rats with the behavioral deficits of learned helpless-
ness,
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The results of the present thesis provided evidence indicating that the interactions between
the 5-HT and NA systems of the hippocampus are modified by long-term antidepressant
treatments, Itis of interestat this pointto integrate these findings with those of the previous studies
reviewed earlier (sections 7 and 8). Selective NA reuptake inhibitors have been studied for their
ability to increase the synaptic concentration of NA. In the second article, long-term treatment
with nisoxetine was shown to desensitize the o2-adrenergic heteroreceptors on 5-HT fibers (the
effect of the high dose of clonidine was abolished). Although the inhibitory effect of high NA
output appeared blunted by this treatrnent, the tonic inhibitory action of basal levels of
endogenous NA on 5-HT neurotransmission was still present (unchanged effect of the smail dose
of clonidine). The sketches of figure 2 illustrate these notions: (1) Normally, 5-HT

(1) PRIOR TO TREATMENT

Low NA output High NA output

{2) FOLLOWING LONG-TERM TREATMENT WITH NISOXETINE

Low NA output \y High NA output

Fig. 2. Desensitization by nisoxetine of d,-adrenergic heteroreceptors on 5-HT terminals
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neurotransmission is decreased in the condition of increased NA output. (2) Following long-term
treatments with nisoxetine there might be, for example, a down-regulation of ¢2-adrenergic
heteroreceptors on 5-HT fibers. The consequent desensitization of the o2-adrenergic
heteroreceptors would not hinder the inhibitory action of low NA output. However, an increased
NA output would not decrease further the release of 5-HT. The consequence of all this is that 5-
HT neurotransmission would remain under the tonic control of the NA system after long-term
treatments with antidepressantdrugs that block NA reuptake. However, the decline in the release
of 5-HT produced by outburst of NA, in reaction to aversive events for instance. would be
attenuated.

In contrast, it is difficult to make any assumptions regarding the status of the NA
neurotransmission after long-term inhibition of the NA reuptake carrier. Some studies, but not
all, found that these treatments decrease the firing activity of LC NA neurons (section 7.1}, thus
suggesting that they produce a decreased NA output. The opposite conclusion can be reached,
however, considering that the evoked release of [3H]NA (fifth article) and the efficacy of the
stimulation of the NA pathway (at 5 Hz) to suppress the firing activity of CA3 pyramidal
neurons!7 were both found increased following long-term treatments with desipramine. But this
contrasts with the effect of the long-term maprotiline treatment which did not change the evoked
release of [3H]NA (fifth article). There are also contradictions regarding the sensitivity of the
terminal (:2-adrenergic autoreceptors after Iong-term NA reuptake inhibitors. Administration
of high doses of desipramine was shown to desensitize these autoreceptors when assessed in
vivol7, but nou in vitro8.26, Finally, we have shown that the 5-HT3 receptors that enhance the
release of NA become desensitized following long-term treatments with desipramine, but not
with maprotiline (fifth article). It was postulated that this might be a homoeostatic mechanism

that restrains 5-HT?3 receptors to enhance the release of NA when wnis parameter is already very
high.

We have also studied the effect of antidepressant drugs that block selectively the 5-HT
reuptake carrier. Long-term treatments with SSRIs have been shown to desensitize both
somatodendritic and terminal 5-HT autoreceptors. Indeed, short-term treatments with SSRIs
decrease the firing rate of DR 5-HT neurons. However, this firing activity progressively returns
to baseline level in the course of long-term treatments as the somatodendritic 5S-HT1A autoreceptors
become desensitized (section 7.4). Moreover, the amount of 5-HT released per each action
potential is enhanced consequently to the desensitization of terminal 5-HT autoreceptors (section
8.1.4). These effects would account for the enhancement of 5-HT neurotransmission following
long-term SSRIs. In the second article, we have seen that long-term treatment with paroxetine
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does not change the sensitivity of ¢2-adrenergic heteroreceptors, thus suggesting that these
receptors are not involved in the therapeutic effect of SSRIs. Nonetheless, we have discussed
earlier (section 9.1) the results of Blier et al.6indicating that the occupation of the S-HT reuptake
carrier, and the consequent activation of terminal 5-HT autoreceptors, decreases the sensitivity
of a2-adrenergic heteroreceptors through some molecular link. This decreased sensitivity of o2-
adrenergic heteroreceptors was not observed here (second article) because there was no
paroxetine present in the brain of the animal at the moment of the experiments (the minipumps
containing the drug were removed twodays before). In future electrophysiological experiments,
we could determine if the inhibitory effect of high intravenous dose of clonidine is attenuated
in the presence of paroxetine. After all, it is possible that this acute effect of SSRIs contributes,
with the desensitization of 5-HT autoreceptors, to increase 5-HT neurotransmission.

Contrary to a2-adrenergic heteroreceptors, the 5-HT3 receptors that enhance the release
of NA did rot become desensitized following long-term treatments with a selective reuptake
blocker that increase the synaptic concentration of the endogenous neurotransmitter acting at the
receptor (fifth article). It can thus be assumed that elevation of 5-HT concentrations can be
normally translated into increased release of NA via the activation 5-HT3 receptors after Iong-
term treatments with SSRIs. The expression of tyrosine hydroxylase was found to be increased
in the LC area following long-term treatment with fluoxetine’, Interestingly, the evoked release
of [3H]NA was also increased inrats treated with this drug (fifth article). It was hypothesized that
this is the result of an increased 5-HT input at the 5-HT3 receptors that enhance the release of
NA, because in a previous study? long-term treatments with a SSRI was shown to increase the
evoked release of [3H]S-HT two days after the last administration of the drug. One way to test
this hypothesis would be to introduce a 5-HT?3 antagonist before S1 and to compare the evoked
release of [3H]NA from preloaded hippocampal slices of rats treated with fluoxetine for three
weeks with that of saline-treated rats.

It was then of interest to consider the effect of long-term treatments with type A MAOIs
as these antidepressantdrugs increase the synaptic concentration of both NA and 5-HT. Although
the firing rate of DR 5-HT neurons is decreased after short-term treatments with type A MAOISs,
there is a gradual recovery of the firing activity of 5-HT neurons inthe course of long-term MAOI
treatments as the somatodendritic 5-HT1A autoreceptors become desensitized (section 7.3). This
effect most likely contributes to increase 5-HT neurotransmission. Another presynaptic effect of
MAOISs that could produce the same result, i.e. enhancement of 5-HT neurotransmission, is the
increased release of 5-HT at the level of terminals. This increased 5-HT output cannot be
explained by the desensitization of the somatodendritic 5-HT1A autoreceptors (the method used
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to assess their sensitivity bypasses the influence of raphe nuclei neurons) nor by a desensitization
of terminal 5-HT autoreceptors (section 8.1.3). The results of the second study indicate that a
long-term treatment with the MAOI befloxatone decreases the sensitivity of a2-adrenergic
heteroreceptors. As was suggested?, the increased release of 5-HT observed after long-term
MAOIs might be attributed to an attenuated sensitivity of o2-adrenergic heteroreceptors.

In contrast to DR 5-HT neurons, the firing activity of LC NA neurons remained inhibited
throughout long-term treatments with MAOISs, and there was no desensitization of either
somatodendritic or terminal o2-adrenergic autoreceptors. In addition, the efficacy of the
stimulation of the NA pathway to suppress the firing activity of CA3 pyramidal neurons was also
found unaltered (sections 7.3 and 8.1.3). From these studies it could be concluded that the
decreased firing activity of NA neurons produced a decrease in NA output at the level of the
hippocampus. However, it was found (fifth article) that long-term treatment with the MAOI
moclobemide increases the evoked release of [3H]NA in the hippocampus. It thus appears that
some presynaptic mechanisms, not related to a desensitization of a2-adrenergic autoreceptors,
contribute to increase NA neurotransmission. This might be attributed to anincreased 5-HT input
at the 5-HT3 receptors that enhance the release of NA inasmuch as the sensitivity of these
receptors was found unaltered after long-term moclobemide treatments (fifth article). Overall,
these results suggest that after long-term MAOI treatments the decreased firing activity of NA
neurons is counteracted by an increased release per action potential of NA from terminals.

We have seen that long-term TCAs and ECS do not generally have prominent effects at
the level of the presynaptic 5-HT receptors that control the firing rate of DR 5-HT neurons nor
those that modulate the release of 5-HT in terminal areas (sections 7.1, 7.2, 8.1.1, 8.1.2). It was
suggested that these treatments increase S-HT neurotransmission by their long-term action on
postsynaptic 5-HT receptors. For instance, many investigations (sections 8.1.1 and 8.1.2) as well
as our present results (third article) indicate that the sensitivity of 5-HT 1A receptors that inhibit
the firing activity of CA3 pyramidal neurons is increased by long-term treatments with TCAs and
by ECS. Furthermore, the fact that the sensitivity of a2-adrenergic heteroreceptors was not
changed by ECS (third article) brings forth another argument indicating that the increased 5-HT
neurotransmission produced by this type of treatment does not involve presynaptic receptors on
5-HT neurons.

Several indications would suggest that another prominent effect of TCAs and ECS is to
decrease NA neurotransmission in the hippocampus. Although the results remain controversial,
some studies indicated that the firing activity of LC NA neuronsisdecreased by long-term TCAs.
Second, the expression of the synthesizing enzyme of NA, tyrosine hydroxylase, is decreased by
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ECS and by TCA treatments (section 7.1 and 7.2). Third, B-adrenergic functions and receptor
number are also decreased by these treatments. We have also learned that long-term treatments
with TCAs thathave either weak or no NA reuptake potency, such as trimipramine, do notchange
the amount of NA released from terminals nor the sensitivity of the 5-HT3 receptors thatenhance
the release of NA (fifth article). But the picture is complicated by the fact that desipramine, a
high potency NA reuptake blocker, produces an important enhancement in the evoked release
of NA. Nevertheless, it might be argued that there is no net increase in NA neurotransmission
after long-term treatments with this drug since it desensitized the 5-HT3 receptors that enhance
the release of NA in addition to the B-adrenoceptor:.

Despite the fact that the sensitivity of 5-HT3 and o2-adrenergic heteroreceptors was not
changed by the TCA trimipramine and ECS, it is important to emphasize that there is evidence
indicating that interactions between the NA and 5-HT systems are important in the mechanism
of action of these types of antidepressant treatments. For example, the sensitization of the 5-HT 1A
receptors thatinhibit the firing rate of CA3 pyramidal neurons by long-term TCA treatments was
prevented by lesions of the noradrenergic neurons 12, Furthermore, the desensitization by long-
term desipramine treatments of the B-adrenergic mediated production of cAMP in the cerebral
cortex was prevented by lesions of the serotonergic fibers!.

It was also of interest to consider the effects of some atypical antidepressant drugs. Long-
term treatments with mianserin and idazoxan share with classical noradrenergic antidepressant
drugs (inhibitors of MAQ and N A reuptake}) the ability to desensitize o2-adrenergic heteroreceptors
(third article). This desensitization is most likely explained by an increased synaptic concentra-
tion of NA during the treatment, resulting from the blockade of ¢t2-adrenergic autoreceptors
(sections 7.5 and 8.1.5). Interestingly, the main metabolite of antidepressant drugs of the
azapirone family, 1-PP, blocks also o2-adrenergic autoreceptors (sections 7.5 and 8.1.5).
Therefore, long-term treatments with azapirones shouid theoretically desensitize o2-adrenergic
heteroreceptors like idazoxan and mianserin did. It would be of interest to verify this assumption
using the same electrophysiological paradigm with clonidine. Azapirones, similarly to SSRIs and
MAOIs, were shown to desensitize S-HT1A autoreceptors on 5-HT neurons (section 7.5), and the
5-HT1A agonist activity of these agents may increase the serotonergic input at postsynaptic 5-
HT1A receptors since they do not desensitize these receptors (section 8.2.1). It is possible that
the latter two properties, in addition to the desensitization of (:2-adrenergic heteroreceptors, act
together to increase 5-HT neurotransmission after long-term treatments with azapirone antide-
pressant drugs.
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The status of the NA neurotransmission after these treatments can be debated from the
results presently available. The enhancing effect of the small dose of clonidine that is mediated
by o2-adrenergic autoreceptors was markedly reduced after the idazoxan and mianserin
treatments (third article). Studies which have directly assessed the function of terminal o:2-
adrenergic autoreceptors after long-term idazoxan and mianserin treatments revealed that these
receptors become supersensitive in response to their sustained blockade (section 8.1.5). It was
concluded that the amount of NA released per action potential is decreased after treatments with
antidepressant drugs that block o2-adrenoceptors. The NA input at postsynaptic targets, such as
the ¢o2-adrenergic heteroreceptors, should consequently be decreased (third article). Further-
more, the sensitivity of postsynaptic B-adrenoceptors was shown to be decreased by long-term
mianserin treatments (section 8.2.2). Nevertheless, itis not clear if the net effect of these agents
is to decrease NA neurotransmission considering that, during treatment, these agents block o2-
adrenergic autoreceptors and should therefore maintain an elevated NA output.

The evidence gathered in the present thesis could be useful for the development of new
pharmacological strategies for the treatment of depression. It was recently shown that depressive
patients respond more rapidly to medication when they are treated with the combination of a
selective NA reuptake inhibitor plus a SSRI than with either drug alone?3.29, Yet, antidepressant
drugs that either block NA or 5-HT reuptake are equaliy effective in the treatment of
depression33. It could be argued from these data that an antidepressant drug that desensitizes the
o2-adrenergic heteroreceptors on 5-HT fibers, by blocking NA reuptake, as well as the terminal
5-HT autoreceptors, by blocking 5-HT reuptake, is a superior strategy for a rapid treatment of
depression. Although MAOIs increase the synaptic concentration of both NA and 5-HT and
desensitize a2-adrenergic heteroreceptors, treatments with these drugs would not produce rapid
antidepressant responses because they do not desensitize terminal 5-HT autoreceptorss. It will
be of interest to follow up the clinical trials with compoucds such as duloxetine and venlafaxine,
which potently block both NA and 5-HT reuptake22.34, z:s data suggest that these drugs may exert
a more rapid and robust antidepressant response2332. Anothzr strategy could be to use a potent
o2-adrenergic autoreceptor antagonist as an adjunctive therapy to a SSRI treatment. Idazoxan,
for instance, would be a treatment of choice as this drug is as effective as a NA reuptake blocker
to desensitize o2-adrenergic heteroreceptors on 5-HT fibers.

The effects of repeated administration of 5-HT3 antagonists have been recently investi-
gated in the learned helplessness paradigm of depression. Similarly to classical antidepressant
drugs, administration of low doses of ondansetron, zacopride or tropisetron reduced the
behavioral deficits produced by uncontrollable foot-shockst9. It is possible that the 5-HT3
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receptors that enhance the release of NA are implicated in this “antidepressant” effect. The
reversal of helplessness behaviors by antidepressant drugs is thought to be related to an increase
in 5-HT neurotransmission20. In this context, it might be argued that by blocking 5-HT3
receptors, the purported negative feeback mediated by these receptors and the o2-adrenergic
heteroreceptors (fig. 1) is impaired and therefore allows a greater release of 5-HT. However, this
is highly speculative, and data indicating that 5-HT3 antagonists are effective antidepressive
agents in humans are awaited before exploring further this possibility.

Overall, our results suggest that there are interactions between the NA and 5-HT systems
in terminal areas such as the hippocampus, and that these are altered by some, but not all,
antidepressant treatments. Nonetheless, a global picture of the NA - 5-HT interactions in the
whole brain can hardly be outlined at the present time because there are no data concerning the
relative contribution of similar interactions in other brain areas. It was mentionned, for instance,
that there are ot-adrenoceptors and 5-HT receptors that modulate the firing activity of DR and
LC neurons (section 9.4). We do not know whether these receptors or those in terminal areas are
predominantly affected by the administration of noradrenergic and serotonergic agents, It would
also be of interest to explore whether these receptors modulating cell firing are involved in the
mechanism of action of antidepressant treatments. This might well be the subject of future
investigations.
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